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BIOCHEMICAL STUDIES ON THE WHOLE AND 
FRACTIONATED THYMUS OF RATS INJECTED 
WITH 8-CHLOROETHYL VESICANTS* 


By ALFRED CHANUTIN ann STEPHAN LUDEWIG 


(From the Biochemical Laboratory, University of Virginia, Charlottesville) 


(Received for publication, June 9, 1948) 


The sulfur and nitrogen mustards have a selective destructive action on 
lymphoid tissue (1-3). Assessment of the cellular damage caused by these 
compounds is based chiefly on histologic evidence. The thymus shrinks 
in volume owing to the destruction of lymphocytes, inhibition of mitosis, 
and the migration of lymphocytes into the blood stream (3). The present 
investigation is concerned with (a) the changes produced in the cholesterol, 
phospholipide, and nucleic acid of the whole thymus and (b) changes in the 
total lipide, cholesterol, and phospholipide of the stroma, lymphocyte 
nuclei, and saline-soluble proteins of the thymus after injection of 6- 
chloroethy] vesicants. 


Methods 


Inbred male rats of Wistar stock, about 70 days old, were used as ex- 
perimental animals. The agents and doses (LDj) used were as follows: 
(a) bis(8-chloroethyl)sulfide (H), 0.4 mg. per kilo; (b) ethylbis(8-chloro- 
ethyl)amine hydrochloride (HN1), 0.4 mg. per kilo; (c) methylbis(8-chloro- 
ethyl)amine hydrochloride (HN2), 1.2 mg. per kilo; (d) tris(6-chloroethyl)- 
amine hydrochloride (HN3), 0.6 mg. per kilo. The nitrogen mustards were 
dissolved in saline and H was dissolved in thiodiglycol immediately before 
injection. The agents, dissolved in 0.2 to 0.3 ml. of solvent, were injected 
into the exposed jugular vein of the animal anesthetized with sodium pento- 
barbital. Control animals were injected with saline. All rats were fasted 
after injection. At varying intervals after injection the rats were exsan- 
guinated under anesthesia and the thymus was removed immediately, 
weighed, and prepared for analysis. 

Methods for analyzing the cholesterol, phospholipide, and nucleic acid 
in the intact thymus are outlined. The total cholesterol was determined 
after the thymus had been dried to constant weight in vacuo over POs. 
The dried tissue was cut into small pieces with sharp scissors, transferred 


* The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and the University of Virginia. 
Under the terms of this contract the Chemical Corps neither restricts nor is respon- 
sible for the opinions or conclusions of the authors. 
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to an extraction thimble, and extracted under a reflux for 3 hours with 
ml. of an absolute alcohol-acetone mixture (1:1). The extract was filtered 
and brought to 25 ml. with alcohol-acetone mixture. Aliquots were ana. 
lyzed for total cholesterol by the Schoenheimer-Sperry procedure as modi- 
fied by Sperry and Brand (4). Phospholipide phosphorus was determined 
in the individual fresh thymus of another group of rats. This tissue was 
homogenized with 20 ml. of an absolute alcohol-acetone (1:1) mixture and 
extracted under a reflux for 4 hours. Experiments were done to show that 
phospholipides were completely extracted by this procedure. The extraet 
was brought to 25 ml. and aliquots were evaporated close to dryness on q 
hot-plate and the residue was immediately extracted with petroleum ether 
and the phosphorus was analyzed by the method of King (5) as modified 
by Allen (6). In a separate group of animals nucleic acid was determined 
spectrophotometrically by a modification of the method of Schneider (7), 
The whole thymus of each experimental rat was homogenized with the aid 
of 2 ml. of ice-cold distilled water and diluted to 10 ml. 2 ml. of the well 
mixed homogenate were transferred to a centrifuge tube, 4 ml. of 7.5 per 
cent trichloroacetic acid were added, and the mixture was heated at 90° for 
15 minutes. After cooling, the tube was centrifuged and the supernatant 
was diluted 10 to 100 times with water, depending on the original thymus 
weight. Since the maximum absorption of nucleic acid dissolved in dilute 
trichloroacetic acid was at 260 my, all readings were made at this wave- 
length in a Beckman spectrophotometer. The nucleate content of a thy- 
mus extract was determined with the aid of a standard curve prepared 
with known amounts of calf thymus nucleate treated in the same manner 
as the unknowns. 

Fractionation procedures were developed in this laboratory (8) to ob- 
tain stroma, lymphocyte nuclei, and saline-soluble proteins of the thymus. 
In order to obtain sufficient thymus (7 to 10 gm.) to yield adequate amounts 
of these three fractions in each group, it was necessary to sacrifice thirty 
to forty control rats, and 90 to 100 HN3-injected animals. The fractions 
were dried to constant weight in vacuo over P.O;. The dried materials, 
which were ground to a powder, were first extracted with absolute ethanol 
overnight under a reflux, followed by a 6 hour extraction with absolute 
ethanol-ether (1:1). These extracts were combined and brought to 100 
ml. with the ethanol-ether mixture. Total cholesterol (4), total lipide car- 
bon (9), and phospholipide phosphorus (5, 6) were determined on aliquots 
of this extract. 

The following conversion factors were used: lipide P X 23.7 = phos- 
pholipide, phospholipide X 0.647 = phospholipide carbon, and cholesterol 
x 0.839 = cholesterol carbon. The combined cholesterol and phospho- 
lipide carbon values were subtracted from total lipide carbon to give the 
concentration of “neutral fat” carbon. 
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Results 
Intact Whole Thymus 


Cholesterol (Table I)—The data for the mean values of dry weights of 
the individual thymuses and the percentage concentrations and contents of 
cholesterol after intravenous injection of saline and 8-chloroethyl vesicants 
are summarized. 


TABLE I 


Dry Weights and Cholesterol Concentrations and Contents of Thymus of Fasting Rats 
after Intravenous Injection of Saline and Mustards 


Days 

ed Saline HN1 HN2 HN3 H 

injec- 

tion 

Mg. dry weight thymus per 100 gm. rat 
1 57 + 3.7 (10) 39 + 1.8* (10) 43 + 1.4* (10)/45 + 2.2* (10)40 + 1.6* (10) 
2 146 + 2.5 (10) 31 + 1.9* (21)/438 4 1.7* (9)'29 + 2.1* (10) 32 + 2.8* (10) 
3 44 + 2.4 (12)31 + 1.4* (12)/21 + 1.7* (12)/24 + 1.3* (10)'23 + 2.1* (8) 
4 40 + 1.9 (18) 34 + 2.6 (9) 23 + 1.2* (10)19 + 1.9* (10) 23 + 1.7* 7) 
5 36 + 2.2 (10) 25 + 2.2* (11) 17 + 2.0* (11)'27 + 4.1 8) 
Mg. cholesterol per 100 gm. dry thymus 

1 | 1001 + 37.7 1145 + 45.6) 1140 + 44.6) 1259 + 50.0% 1297 + 29.9* 
2 | 1187 + 66.8 1181 + 66.7 | 1941 + 104.1* 1627 + 144.3*) 1660 + 120.5* 
3 | 1184 + 38.3 1988 + 148.4*, 2535 + 150.8*; 2039 + 125.0* 2292 + 118.5* 
4 | 1546 + 55.6 1484 + 94.0 | 2641 + 203.0* 2816 + 246.0* 2411 + 375.0 
5 | 1622 + 59.7 1891 + 250.4 4151 + 151.7*; 2191 + 310.2 

Mg. cholesterol per 100 gm. rat 

1 | 0.56 + 0.04 0.45 + 0.03 0.49 + 0.02 | 0.56 + 0.03 | 0.52 + 0.02 
2 0.54 + 0.01 | 0.54 + 0.02 0.61 + 0.038 | 0.44 + 0.20 | 0.50 + 0.03 
3 | 0.52 + 0.03 0.61 + 0.03 0.53 + 0.04 0.48 + 0.03 | 0.52 + 0.03 
4 0.60 + 0.02 0.49 + 0.02* | 0.60 + 0.02 | 0.50 + 0.02 | 0.47 + 0.04* 
5 | 0.58 + 0.02 | 0.47 + + 0.05 0.53 + 


0.03* 0.65 0.05 


The figures in parentheses represent the number of animals in each group. 
* Represents significant difference from saline control. 


Fasting causes an appreciable decrease in the thymus weight. The ni- 
trogen and sulfur mustards are responsible for significant decreases in weight 
when compared with the saline controls. The greatest decreases are seen 
in the HN3 group. 

The percentage concentrations of the cholesterol in dried thymus increase 
markedly in both the control saline and mustard groups. The remarkably 
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constant values for the cholesterol content per 100 gm. of rat indicate g 
close relationship between the loss in thymus weight and the increased per. 
centage concentration of cholesterol. 

Phospholipide (Table IT)—The data for the phospholipide concentration 
and content of the thymus (fresh) after injection of saline and HN3 are 
shown. The number of animals in each group is small and the standard 
errors, which are omitted, are relatively large. Although the percentage 
concentrations of phospholipide are consistently greater in the HN3 
groups, there is no significant statistical difference from the saline controls, 
The decrease in the phospholipide content is statistically significant and js 
associated with the resulting marked involution after HN3. 

Nucleic Acid (Table ITT)—Fasting of the control animals does not affect 
the percentage concentration of nucleic acid but does cause an appreciable 
decrease in the content of nucleic acid. The most marked decreases in 


TABLE II 


Percentage Concentrations and Contents of Phospholipide of Thymus of Fasting 
Rats after Intravenous Injection of Saline and HN38 








Days after Mg. per 100 mg. rat thymus Mg. per 100 gm. rat 
injection — : Ecaget 
Saline | HN3 Saline HN3 
2 Loe 45) 1.62. (5) 2.8 1.6 
3 1.35 () 1.65 (5) 2:5 Kea 
4 1.49 (8) 1.84 (7) Aan. 0.9 
5 1.26 (5) 1.34 (7) 1.6 1.0 


The figures in parentheses represent the number of animals in each group. 


both concentration and content of nucleic acid are observed after HN2 and 
HN3. Although HN1 is the most toxic of these agents, it causes the 
smallest change. 


Thymus Fractions 


Percentage Distribution (Fig. 1)—The percentage distribution of stroma, 
lymphocyte nuclei, and the saline-soluble proteins or cytoplasmic constit- 
uents of dry thymus at various periods after fasting and after the injection 
of saline or HN3 is shown. From these data it is clear that the increase in 
the stroma fraction is roughly proportional to the decrease in lymphocytes; 
the cytoplasmic components are not appreciably changed by the experi- 
mental procedures. A 4 day period of fasting in the saline group is re- 
sponsible for a decrease in lymphocytes from 65 to 20 per cent; the value 
on the 4th day for the HN3 group is 3 per cent. 
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Taste III 


Nucleic Acid Concentrations and Contents of Thymus of Fasting Rats after 
Intravenous Injection of Saline and Mustards 


Days | 








} 


after | Saline | HN1 HN2 HN3 
injection | | | 
Mg. nucleic acid per 100 mg. thymus 
1 | 2.144 0.06 (9) | 2.18+0.06 (15)| 1.45 + 0.11* (10)| 2.04 + 0.04 (10) 
2 | 2.20 + 0.03 (10) | 1.87 + 0.08* (16)) 1.31 + 0.08* (11)} 1.59 + 0.08* (10) 
3 | 2.13 + 0.12 (10) | 1.77 + 0.07* (13)| 1.05 + 0.07* (9)| 1.48 + 0.04* (10) 
4 | 1.97 + 0.21 (10) | 1.96 + 0.07 (10)| 1.28 + 0.04* (10); 1.09 + 0.05* (10) 
5 | 1.85 + 0.17 (10) | 1.66 + 0.10 (10)) 1.16 + 0.12* (10)| 1.19 + 0.08* (14) 
Mg. nucleic acid per 100 gm. rat 
1 | 4.10 + 0.18 | 3.48 + 0.20 | 2.10 + 0.15* | 2.69 + 0.14* 
2 | 4.07 + 0.14 | 2.27 + 0.16* | 1.47 + 0.09* | 1.44 + 0.15* 
3 | 3.60 + 0.25 1.88 +0.13* | 0.84 + 0.08* | 0.94 + 0.07* 
4 | 2.33 + 0.21 2.16 + 0.27 | 0.99+ 0.06* | 0.56 + 0.04* 
5 | 2.05 + 0.17 | 1.49 + 0.34* | 0.93 +0.11* | 0.76 + 0.08* 








The figures in parentheses represent the number of animals in each group. 
* Represents significant difference from saline control. 
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DAYS AFTER INJECTION OF SALINE OR HN3 


Fic. 1. Percentage distribution of stroma, lymphocytes, and saline-soluble pro- 
teins in the thymus of fasting rats injected with saline or HN3. 


Lipide Analyses 


Stroma (Fig. 2)—The concentration of total lipide carbon varies con- 
siderably in both groups owing to the neutral fat component. These vari- 
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Fic. 2. Percentage concentration of total lipide, cholesterol, phospholipide, and 


neutral fat carbon in stroma of the thymus of fasting rats. Breaks in the graph 
represent two analyses on different samples. 
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Fic. 3. Percentage concentration of total lipide, cholesterol, phospholipid 
and neutral fat carbon in lymphocyte nuclei of the thymus of fasting rats. 


ations do not appear to be attributable to the effect of HN3. Both the 
cholesterol and phospholipide concentrations of the HN3 groups increase 
appreciably above most of the saline controls. 

Lymphocyte Nuclei (Fig. 3)—Fasting in the saline-injected groups caused 
minor variations in the concentrations of the lipide components. After in- : 
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Fic. 4. Percentage concentration of total lipide, cholesterol, phospholipide, and 
neutral fat carbon in saline-soluble proteins of the thymus of fasting rats 


TaBLe IV 


Distribution of Cholesterol in Fractions of 100 Gm. of Dried Thymus of Fasting 


Days after 


injection 


~ 


Rats after Saline and HN3 Injection 


Saline 
mg. per cent 
Stroma 193 IS 
Lymphocyte nuclei 535 50 
Saline-soluble constituents 342 32 
1070 

Stroma | 410 4] 
Lymphocyte nuclei | 390 39 
Saline-soluble constituents | 200 20 

/ 1000 

| 
Stroma 744 60 
Lymphocyte nuclei 310 25 
Saline-soluble constituents | 186 15 

| 1240 
Stroma $57 55 
Lymphocyte nuclei 296 19 
Saline-soluble constituents 405 26 

Ti 

| 1558 
Stroma | 1090 59 
Lymphocyte nuclei 185 10 
‘ . . | -——_ © 
Saline-soluble constituents 574 31 

ae 

1849 
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396 
516 
SO9 


721 


1650 
265 
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1600 
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jecting HN3, the total lipide concentration increases markedly on the 2nd 
day and reaches a maximum on the 3rd day. These increases are chiefly 
due to the increases in neutral fat. The values for cholesterol and phos- 
pholipide are consistently greater than those for the saline groups. 

Saline-Soluble Components (Fig. 4)—This fraction contains the saline- 
soluble proteins and suspended particulate material of the cytoplasm. 
Fasting for 4 days is responsible for an impressive increase in lipide carbon 
from 7.7 to 18.6 per cent, owing chiefly to increases in neutral fat carbon; 
in the HN3 groups appreciable increases are noted on the Ist and 2nd 
days. The cholesterol concentrations in the nitrogen mustard groups are 
consistently increased about 100 per cent above the values of the saline 
controls. The phospholipide concentrations are not appreciably affected. 

Cholesterol Distribution (Table IV)—The concentration and distribution 
of cholesterol in the three thymus fractions of rats injected with saline and 
HN38 are shown. This analysis yields information showing the fractions 
responsible for the constancy of the cholesterol values seen in these in- 
voluted glands (Table I). In both the saline and HN3 groups the cho- 
lesterol concentration of the stroma fraction increases from 18 to a maxi- 
mum of 73 per cent of the total thymus. Concurrently the cholesterol 
content of the lymphocyte nuclei decreases from 50 to as low as 3 per cent 
of the total. The changes in the cholesterol content of the cytoplasmic 
fraction, particularly in the HN3 groups, are not markedly changed. 
The sums of the cholesterol content of the three fractions per 100 gm. of 
thymus increase in both the saline and HN3 groups and approximate 
closely the results shown for the whole thymus in Table I. 


DISCUSSION 


Despite the pronounced involution of the thymus, due chiefly to the loss 
of lymphocytes, the percentage concentration of cholesterol increases and 
the cholesterol content of the gland remains constant. The cholesterol of 
the lymphocyte nuclei of the control thymus accounts for 50 per cent of 
the total cholesterol; after HN3 injection, the lymphocytes account for 3 
per cent of the total cholesterol of the involuted thymus. It is obvious 
that the stroma and the cytoplasm must contain the additional cholesterol 
to compensate for the deficit incurred by lymphocyte loss. It is therefore 
postulated that the thymus is capable of manufacturing a cholesterol-rich 
lipoprotein. It has been shown that the electrophoretic patterns and the 
lipide content of the plasma fraction II+III of the rat are changed after 
the injection of HN3.! It seems possible that some of the increased con- 


1 Chanutin, A., and Gjessing, E. C., unpublished results. 
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tent of lipoprotein of the plasma of injured animals originates in lymphoid 
tissue. 

According to Kindred? the nuclei of the rat thymus lymphocytes show 
no morphologic changes during fasting. On the Ist day after injecting 
HN3, the largest number of degenerated lymphocytes is observed and a 
large proportion of the nuclei of surviving lymphocytes is partially lobu- 
lated. On subsequent days the number of degenerated cells decreases pro- 
gressively, practically all of the lymphocyte nuclei are irregular in shape, 
but the distribution and appearance of the chromatin are normal. Nocor- 
relation is apparent between the cytologic observations and the changes 
in the total lipide concentration of the nuclei. The very marked and sud- 
den increases in the neutral fat concentration of the nuclei on the 2nd, 3rd, 
and 4th days after HN3 indicate extensive chemical alterations. This 
may represent the type of lipide infiltration commonly seen in cells after 
many types of chemical injury. A study of the literature has failed to dis- 
close information dealing with the quantitative aspects of lipides of nuclei 
before and after injury. 


SUMMARY 


The effect of the intravenous injection of saline and tris(8-chloroethyl)- 
amine (HN3) upon the total cholesterol, phospholipide, and nucleic acid 
concentration of the thymus of the fasting rat is presented. The percent- 
age concentration of cholesterol increases but the cholesterol content of the 
involuted thymus remains constant. The phospholipide and nucleic acid 
contents decrease. 

Data are presented for the changes in the total lipide, cholesterol, and 
phospholipide carbon concentrations of the stroma, lymphocyte nuclei, and 
cytoplasmic constituents of the thymus after injection with saline and HN3. 
The pronounced effect of nitrogen mustard on decreasing the number of 
lymphocytes is demonstrated. HN3 causes a marked increase in the neu- 
tral fat of the lymphocytes, which is suggestive of lipide infiltration. The 
cholesterol concentration of each of the three fractions is elevated after 
HN3. The phospholipide concentration is slightly elevated in the stroma 
and lymphocyte nuclei. 

Lymphoid tissue appears capable of synthesizing a cholesterol-rich lipo- 
protein. 


The authors are indebted to Mr. Curtis 8. Floyd, Miss Florence L. Jones, 
and Miss Elizabeth A. Lentz for technical assistance. 


* Kindred, J. E., personal communication. 
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GLYCOLYSIS IN TUMOR HOMOGENATES* 


By G. A. LEPAGE 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, July 2, 1948) 


Recent reports (1, 2) have strengthened the concept that tumor metabo- 
lism involves a very active glycolysis of the phosphorylating type. Suit- 
able media for the study of glycolysis in homogenates of brain have been 
devised by Racker and Krimsky (8, 4) and Utter et al. (5,6). These media 
were used, with slight modifications, by Novikoff et al. (2) for measurement 
of glycolysis in tumor homogenates. If the assumption that tumor uses 
high energy phosphate bonds as a source of energy for synthetic reactions 
is correct, then one important prerequisite for the study of synthetic re- 
actions in tumor homogenates is the development of a medium which is 
optimal for sustaining phosphate bond energy in these homogenates. The 
object of this paper is to present data concerning the development of such 
optimal media for glycolysis in homogenates of Flexner-Jobling carcinoma. 
The medium for optimal glycolysis was developed not only on the basis of 
the Qco,, but also in terms of lactate production, as determined chemically, 
and in terms of the esterification of inorganic phosphate. 


EXPERIMENTAL 


Flexner-Jobling carcinoma transplants in Sprague-Dawley albino rats 
were used throughout.! These were taken for experiment at 8 to 12 days 
after subcutaneous transplantation, at which time they weighed 500 to 1000 
mg. ‘This material had the advantage that it was very reproducible and 
as free as possible from necrotic tissue or other tissue elements. 

The tumors were rapidly excised from decapitated rats and placed in 
small beakers of isotonic KCl immersed in chopped ice. After all outer 
connective tissue had been trimmed off, the tumors were weighed and added 
to cold Potter-Elvehjem (7) homogenizer tubes and alkaline? isotonic KCl 


* This work was supported by a grant from the American Cancer Society on the 
recommendation of the Committee on Growth of the National Research Council. 

1 The author wishes to acknowledge the assistance of Mr. B. E. Kline, who pro- 
vided the tumor transplants. 

* After preliminary experiments which indicated very little difference between the 
results obtained with homogenates made in isotonic KCI] and those made in water, 
with a slight superiority of the former, alkaline KCl was routinely used. This 
alkaline KCl] was isotonic KCl to which had been added 8.0 ml. of 0.02 m KHCO; per 
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was added to make the final tissue suspension 10 per cent. The Warburg 
respirometer vessels, in which the reactions were carried out, were prepared 
before the animals were killed, with all reactants added except the ho- 
mogenate, and the vessels immersed in chopped ice. The homogenates 
were kept cold and used immediately after they were made. The medium 
in each reaction vessel had a final volume of 3.0 ml. when the homogenate 
was added. In the side arm was placed 0.25 ml. of 65 per cent trichloro- 
acetic acid. At the end of the desired incubation time this trichloroacetic 
acid was mixed in with the contents of the main reaction vessel to give a 
final concentration of 5 per cent, which was sufficient to precipitate the 
proteins. 

The measurements of tumor glycolysis were routinely carried out under 
anaerobic conditions, in an atmosphere of 95 per cent Ne-5 per cent CO), 
Novikoff et al. (2) demonstrated that 95 per cent O, was inhibitory to 
glycolysis of tumor homogenates. However, mixtures of air containing 5 
per cent CO, (19 per cent O2) gave Tesults identical with those obtained 
anaerobically. In accomplishing the change of atmosphere in the reaction 
vessels, the method of Burris (9) was used. This involves setting up a 
manifold to which both arms of each Warburg manometer are attached. 
The manifold is connected at one end with a water aspirator, at the other 
with the source of the gas mixture. The reaction vessels are rapidly taken 
from the ice bath and attached to their respective manometers. The 
system is evacuated to 60 to 70 mm. of Hg with the water aspirator and the 
system refilled with the gas mixture. This is repeated two to three times. 
Then the manometers are detached from the manifold and the reaction 
vessels immersed in the water bath at 38° for incubation. This technique 
has the advantage that it conserves gas mixtures and can be carried out 
very rapidly. The lapse of time from removing the first of some twelve 
flasks from the ice until the last is in the 38° bath is approximately 5 
minutes, and as a result the flask contents are still cold until they are 
immersed in the 38° bath. A 5 minute equilibration is sufficient before 
respiration measurements are begun. The gases used were commercial 
tank carbon dioxide and a specially purified nitrogen (99.99 per cent N2). 

In evaluating components of the medium or other factors the routine 
measurements made were (a) measurement of carbon dioxide evolution 
from the bicarbonate buffer, which gives a general evaluation of rate of re- 
action, but is not specific because acid equivalents are changed by several 
reactions (glycolysis, dephosphorylations, hexokinase reaction, etc.); () 
measurement of net inorganic phosphorus esterification, which is a measure 
of glucose phosphorylation, since none is esterified when glucose is not added 
to the medium; (c) lactic acid production, which is a more direct measure 





liter (8). The alkaline KCl results in a homogenate which at the time of use is at 
pH 7.0. 
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of the amount of glycolysis than is carbon dioxide evolution. In some cases 
pyruvic acid and phosphoglyceric acid analyses were made to check upon 
the validity of the lactic acid measurements. The analytical methods were 
those described by LePage and Umbreit (9). Pyruvic acid was determined 
by the method of Friedemann and Haugen (10). 

In approaching the problem of obtaining an optimal medium for sustain- 


ing phosphate bond energy, which could also be easily evaluated, certain) 


compromises were necessary, since not one but a number of enzymes take 
part in the over-all reaction. It was thought desirable to use fluoride and 
block the reactions at the stage of phosphoglyceric acid. This limits the 


¥ 


adenosinetriphosphatase activity as well. It has the advantage to the \ 


evaluation of the phosphorylations that phosphorus esterified is accumu- 
lated as a stable intermediate, 3-phosphoglyceric acid. It is possible to 
use a high fluoride level and get the theoretical esterification (1 mole of P 


esterified per phosphoglyceric acid produced). However, this also affects 


the glycolytic rate. Glycolysis is most rapid without any fluoride present, 


TABLE I 


Variation in Tonicity of Medium 





{ 
| 








Tonicity (isotonic saline as 1.00) Lactic acid production per flask | Net P esterified per flask 
| micromoles micromoles 
} 
0.65* 10.4 | 4.2 
1.00 | 9.95 2.8 
1.24 | 9.15 | 1.5 





* This is the tonicity of the final medium decided upon as optimal. 


but in this case the end-reaction results in return of the phosphorus to the 
medium in inorganic form. Since the reaction was blocked with fluoride, 
it was necessary to add pyruvic acid as hydrogen acceptor. Upon estab- 
lishing the validity of this, lactic acid measurements were used instead of 
phosphoglyceric acid analyses. Pyruvie acid was so low in the medium 
that interference with determination of lactate was insignificant. 

The medium of Novikoff et al. (2) was used at the start, and the com- 
ponents varied one at a time to determine optima. When all optima had 
been determined in this way, the necessary changes were made and the 
experiments repeated with the new conditions. All results represent aver- 
ages of duplicate flasks in each of at least two closely agreeing experiments 
at the final conditions. 

Tonicity of Medium—lIf isotonic saline is assigned a tonicity of 1.0, the 
medium used by Utter et al. (5) had a tonicity of approximately 0.73. 
That of Novikoff et al. (2) had a tonicity of approximately 1.17. Data are 
provided in Table I regarding the effects upon lactic acid production and 
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net phosphorus uptake, in a 40 minute incubation, of varying tonicity in 
our optimal medium by additions of KCI. 

Initial pH of Medium—In the medium, optimal in other respects, pH 
was varied by varying the bicarbonate concentration. The results are 
illustrated in Fig. 1. The values used are the initial pH before glycolysis 
has begun. The pH was checked after the gassing technique by rapidly 
removing the flasks and inserting a glass electrode in the contents. The 
pH values found agreed well with those predicted from calculations of the 
Henderson-Hasselbalch equation (9). The data in Fig. 1 are for a 40 
minute incubation, during which separate experiments showed that the pH 
drop was 0.1 to 0.2 unit. The higher pH probably favors higher adeno- 
sinetriphosphatase activity. At lower than optimal magnesium concen- 
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Fic. 1. Effect of initial pH of medium on lactic acid production and net phos- 
phorus esterification per flask in a 40 minute incubation with 30 mg. of tissue. 


trations, the range of optimal pH is much narrower, phosphorus uptake 
dropping sooner as pH progresses above 7.4. 

Potassium versus Sodium—Boyer et al. (11) have discussed the necessity 
of potassium for phosphate transfers and demonstrated a potassium re- 
quirement for certain of these reactions. The substrates for our medium, 
the saline, bicarbonate, ete., were all potassium salts. Data provided in 
Table II demonstrate that potassium is necessary for optimal glycolysis, 
that it cannot be replaced completely by sodium without loss in efficiency, 
that the potassium level in the medium is sufficient, and that extra additions 
of potassium beyond 0.01 m do not alter the efficiency. 

Substrates—Presumably the main substrate required for tumor glycolysis 
would be glucose. However, in operating a phosphorylating glycolysis, it 
is necessary first to phosphorylate the glucose. To permit this would 
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make necessary the addition of relatively large amounts of adenosine tri- 
phosphate (ATP), which would lead to inefficiency in a homogenate system 
because of the active ATPase. Hence it is more practical to start the re- 
action by addition of a small amount of hexose diphosphate’ (HDP). 
When no ATP or HDP was added to the reaction mixture, no lactic acid 
(less than 0.2 micromole) or phosphoglyceric acid was produced. When 
small amounts of HDP were added, the HDP was quantitatively converted, 
ata very rapid rate, to the equivalent of phosphoglyceric acid. When both 
glucose and HDP were added, a large increase in the phosphoglyceric acid 
production occurred above that theoretically possible from the HDP,* and 
inorganic phosphate was esterified. Large amounts of HDP decrease the 
net phosphorus uptake, probably by permitting more phosphatase activity 
and possibly by permitting a reaction rate exceeding the rate of the glucose- 
phosphorylating enzymes. Data concerning the effects of varying the 
HDP concentration in the otherwise optimal medium are presented in 


TABLE II 
Potassium versus Sodium 
Lactic acid ) ithe 
Experimental conditions pre duc tion per Ne eX, — 
nhask 
micromoles micromoles 

All sodium salts ; Nex Oe ames Ses 2.6 —0.3 

Potassium, 0.01 mM; all other salts sodium. . re 10.4 4.0 

Zo salts entirely (K approximately 0.07 m) 10.5 4.1 


Fig. 2. A 40 minute incubation period was used. Similarly, effects of 
varying glucose concentration with HDP optimal are shown in Table III. 
The amount of glucose glycolyzed is independent of concentration, under 
these conditions, to very low levels. This is probably not true in vivo (12) 
as the HDP level is very low (1). 

Pyruvate—Pyruvate is added to act as hydrogen acceptor. This is 
necessary because the normal reactions which would provide it are blocked 
by the fluoride. However, when fluoride is absent, the system still derives 


*Hexose diphosphate used in this study was prepared from HDP obtained as 
barium salt from the Schwarz Laboratories, Inc., New York, by precipitation as the 
acid barium salt. Before it was used, the barium was removed with sulfurie acid and 
the HDP neutralized with potassium bicarbonate. 

‘ Production of lactic acid in the absence of added glucose exceeds the theoretical 
amount obtainable from added HDP to a small extent. A corresponding amount of 
pyruvic acid disappears from the lactie-pyruvic sum, indicating the possibility that a 
dismutation of 2 molecules of pyruvic to 1 of lactic, 1 of acetic, and 1 of carbon di- 
oxide occurs. Direct evidence that this is the case has not yet been obtained. 
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some benefit from addition of a catalytic amount of pyruvate to prime the 
reaction. Measurements concerning the effects of adding or omitting 
pyruvate are presented in Table IV. The data for no pyruvate addition 
with fluoride present permit calculation of the extent to which the fluoride 
is inhibiting at the phosphoglyceric acid stage. The inhibition with 0.0) 
M KF is indicated to be approximately 90 per cent. 
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Fic. 2. Effects of varied HDP additions on micromoles of lactic acid produced and 


net phosphorus esterified per flask in a 40 minute incubation with 30 mg. of tissu: 


TABLE III 


Effect of Varted Glucose Concentration on Glycolysis 


Glucose concentration Lactic acid produced per flask Net P uptake per flask 





M micromoles 


micromoles 
0 7.6 0 
0.0013 10.2* 3.9 
0.01 10.4 4.2 
0.02 10.1 4.2 


* This actually represents glycolysis of two-thirds of the added glucose. 





Magnesium and Fluoride—In studies of these two ions, variations were 
made in both, since the concentrations being studied are such that the 
medium is close to or above saturation with magnesium fluoride. However, 
no indications were obtained that any precipitation was occurring. ‘Table 
V illustrates the effect of variations in magnesium with fluoride optimal 
(0.01 m) and Table VI illustrates the effects of varied fluoride concentrations 
with magnesium constant (0.0066 m). The decision was made to use 0.01 
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the | y fluoride, despite higher phosphorylation efficiency with higher levels, 
ing | because of the inhibiting effect on the glycolytic rate of such increases in 
ion | fluoride. 
ide | 
oO | TABLE IV 
Effects of Added Pyruvate on Glycolysis in 40 Minute Incubation 
Lactic acid . 
Conditions —- per | ~~ geiko 
- | uigrometes | swécromeles — 
MPR ETEP Tee rere oe rore 9.2 | 4.0 
Peer re Pee rere ir re ie ree? 0.9 —0.5 
a * wae ve 8.0 | —4.4* 
‘fluoride + 0.1 optimal pyruvate.............. 10.0 | —3.2 
i Sf GR STUER ooo hk ca heeteccncs 1f.0 —3.2 


* The theoretically possible net P loss to the medium from the added HDP alone 
is 12 micromoles. 





TABLE V 
Effects of Varied Magnesium Concentration in 40 Minute Incubation 





























Magnesium concentration Lactic acid produced per flask | Net P uptake per flask 
al M iam micromoles ‘ahaa iis 
nd 0 7.60 —0.23 
ut 0.00165 8.85 0.55 
0.0033 8.85 1.95 
0.0066 8.75 3.5 
0.0099 8.2 3.5 
0.0133 7.9 3.5 
TaBLE VI 
Effects of Varied Fluoride Concentrations on Glycolytic Rate During 40 Minute 
Incubation 
Potassium fluoride concentration | Lactic acid produced per flask Net P uptake per flask 
M . micromoles | micromoles 
0 10.5 —10.5 
0.0066 8.45 1.6 
Te 0.010 8.75 | 3.5 
he 0.020 6.75 4.5 
eo 0.030 5.85 4.7 
dle : as aa 
al Adenosine Triphosphate—The adenosine phosphates are known to be 
' m ° . 
ns coenzymes or ‘‘carriers”’ in the mechanism of enzymatic phosphate transfer. 


01 Experiments with adenylic acid and ATP, the former prepared by the 
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method of Kerr (13), the latter by the method of LePage (9), both jp 
pure state, indicated that they were equivalent. A slightly higher phos. 
phorus uptake is noted with adenylic acid. The effects of varying ATP 
concentration in the medium are illustrated in Fig. 3. Net phosphorus 
uptake tends to decrease at higher levels. This is undoubtedly due to 
increased ATPase activity at higher substrate levels. 

Diphosphopyridine Nucleotide (DPN)—This compound is known to be 
required as coenzyme for hydrogen transfer in glycolysis. For use in ow 
experiments it was prepared by the method of LePage (14) and furthe; 
purified by solution in acid methanol and precipitation with ethyl acetate, 
This purification was employed to lower the content of adenylic acid (th, 
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Fic. 3. Effects of varied ATP concentration on lactic acid production and net 
phosphorus esterification by 30 mg. of tissue in a 40 minute incubation 


chief impurity) in order to permit more quantitative definition of the ATP 
requirement. The preparations as used assayed 85 per cent DPN and 
contain less than 10 per cent of adenylic acid (without calculation for water 
of hydration). Fig. 4 illustrates the effects of varying additions of DPN. 

Protective Factors—One compound cited as a protective factor for 
glycolytic enzymes is glutathione (15). Addition of glutathione to the 
medium had no effect upon duration or rate of glycolysis in our tumol 
homogenates. 

Novikoff et al. (2) demonstrated that nicotinamide had a protective 
effect on the tumor homogenate system. Presumably this is due to its 
inhibitory effect on the nucleosidase breaking down DPN. Recently it 
has been shown that a-tocopherol phosphate inhibits breakdown of DPN 
in various rat tissues (16) and that a pyrophosphatase rather than a 
nucleosidase is responsible for DPN breakdown in kidney (17). _It-was 


therefore of interest to determine the effects of both nicotinamide and a- 
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tocopherol phosphate® on preservation of DPN in this tumor homogenate 
system. Data on lactic acid production and phosphorus uptake, in a 40 
minute incubation, are given in Table VII. DPN breakdown in these ex- 
periments was markedly inhibited by nicotinamide, but was unaffected by 
a-tocopherol phosphate. 

Inorganic Phosphate—Inorganic orthophosphate is obviously necessary 
in the phosphorylating glycolysis mechanism. A discussion of its possible 
réle in regulation of rate was provided by Potter (18). It was of value in 
making accurate measurements of phosphate uptake to have the phosphate 
of the medium relatively low. It is necessary to reduce the phosphate of 
the medium to a very low level before it affects the glycolytic rate. Data 
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Fic. 4. Effects of varied DPN on lactic acid production and net phosphorus 
esterification by 30 mg. of tissue in a 40 minute incubation. 


to illustrate this are provided in Table VIII. The lowest initial concen- 
tration listed there represents no phosphate addition, and is that resulting 
from the phosphorus present in the added tissue. 

Homogenate—In all of the experiments described above, 30 mg., wet 
weight, of tumor were used per reaction vessel. This gives a suitable rate 
of reaction. Data provided in Fig. 5 for a 20 minute incubation illustrate 
that the lactic acid produced (phosphoglyceric) is proportional to the 
amount of tissue added. When incubation is carried beyond this time, the 
linear relationship fails because HDP becomes limiting. The phosphoryla- 
tion of glucose with the phosphate bond energy gained from the triose 
phosphate dehydrogenase reaction is not 100 per cent efficient, owing to 
ATPase activity, and consequently the HDP concentration progressively 

* The author wishes to thank Dr. Stanley Ames of Distillation Products, Inc., fora 
gift of a-tocopherol phosphate. 
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TaBLe VII 
Effects of Nicotinamide and a-Tocopherol Phosphate in 40 Minute Incubation 











Lactic acid Net P uptake 





Conditions > per | per flask | 

micromoles | micromoles 

III 6.6 U5 dah Fans cde sew vies BeX¥ fein 2.8 0.65 

‘* + a-tocopherol phosphate, 1 mg. 
NGS etd sng Yp.0G ha Dee SIWik sik baa ake we TK § 3.15 0.68 
Unprotected system + nicotinamide, 0.04m........... 5 | 4.2 


TABLE VIII 
Effect of Varied Inorganic Phosphate Levels in 40 Minute Incubation 








Initial phosphate con- | Final phosphate concen- Net P uptake per Lactic acid produced 

centration tration flask per flask 
ax) KIO micromoles — micromoles 

0.25 0.12 0.37 3.2 

0.37 0.11 0.82 3.4 

0.53 0.14 1.1 3.6 

0.80 0.14 1.9 4.6 

1.34 0.32 3.0 8.1 

2.7 1.2 4.2 9.0 
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Fic. 5. Effects of varied additions of tissue on lactic acid production and net 
phosphorus esterification in a 20 minute incubation. 


falls. During the first 20 minutes incubation, HDP has not become limit- 
ing, although more has been glycolyzed than was initially present (6.0 
micromoles added). 
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The optimal medium finally selected had the following molar compo- 
sition: potassium phosphate, 0.0024; potassium bicarbonate, 0.025; nico- 
tinamide, 0.040; adenosine triphosphate,* 0.00033; diphosphopyridine 
nucleotide,® 0.00020; hexose diphosphate,’ 0.0020; pyruvic acid,® 0.0050; 
magnesium chloride, 0.0066; potassium fluoride, 0.010; glucose, 0.010. 

Rate of Reaction—The data in Fig. 6 illustrate the rate of reaction in 
typical experiments with optimal homogenate medium and 30 and 10 mg. 
of tissue. For some purposes it would be desirable to use only 10 mg. 
Nearly the same linearity of rate can be obtained with the higher tissue 
concentrations, however, if more HDP is added. 


----30MG. TISSUE _-7002 
——10 MG. TISSUE Pe 
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20 40 60 
TIME- MINUTES 
Fic. 6. Reaction rates in the optimal homogenate medium obtained with tw 


tissue levels. CO: = carbon dioxide evolved from the bicarbonate buffer per flask 
LA = lactic acid produced per flask; P = net phosphorus esterification per flask. 


DISCUSSION 


It was important to prove that high energy phosphorus in the form of 
ATP was present throughout the reaction period. Preliminary studies 
concerning this indicate that at least two-thirds of the ATP originally added 
is present as such after a 40 minute incubation. Further studies regarding 
the rates of transformation of the various phosphorylated intermediates 
will be made the subject of a later publication. 

Some studies have been made concerning the glycolytic rates obtainable 
with homogenates of normal tissues. Of those examined, all appear to be 
able to glycolyze HDP very rapidly. Rat brain homogenate, in a medium 
similar to the one herein described, is able to glycolyze glucose and give 


* Added as potassium salts. 











TERS ZR ES 


PLR RL AT OE 


itt 


SET 


—— 


RENAE TE LEY RE STP 


Re ee es 





1020 GLYCOLYSIS IN TUMOR HOMOGENATES 


large phosphorus uptakes. However, rat liver and kidney produce phos. 
phoglyceric acid theoretically equivalent to the HDP added and do not 
glycolyze glucose or take up phosphorus in this medium. The study of 
conditions necessary to obtain phosphorylation of glucose in rat liver and 
kidney homogenates will be the subject of a later publication. 


SUMMARY 


With Flexner-Jobling rat carcinoma transplants as the tissue source, a 
medium has been devised for glycolysis in tumor homogenates. This 
medium permits glycolysis of glucose, esterification of inorganic phosphate, 
and maintenance of phosphate bond energy. 
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CENTRIFUGAL FRACTIONATION OF GLYCOLYTIC 
ENZYMES IN TISSUE HOMOGENATES* 


By G. A. LEPAGE anp WALTER C. SCHNEIDER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, July 19, 1948) 


Experiments on aerobic and anaerobie glycolysis in mammalian tissues 
have usually been conducted either with slices or with extracts. The 
latter have usually been made by breaking up the tissue and centrifuging 
and discarding some fraction of the particulate matter. Studies with slices 
have disadvantages in certain cases because of permeability factors. 
Results with extracts are frequently misleading because of variability in 
the amount of material discarded and lack of knowledge concerning the 
relation between the activity of the extract and that of the discarded por- 
tion. When reactions are studied for which information is not available as 
to intracellular distribution of the enzymes involved, it is advantageous to 
use whole homogenates. In this case permeability factors are largely ruled 
out and no part of the activity is discarded. 

The complexities with regard to intracellular distribution of enzymes 
involved in glycolysis studies have been discussed by Meyerhof ef al. 
(1-3). Recently a medium was devised for studies of anaerobic glycolysis 
with homogenates of Flexner-Jobling rat carcinoma, which enables these 
homogenates to maintain phosphate bond energy for reasonable periods of 
time and consequently permits studies of synthetic reactions with these 
homogenates (4). This medium was found to be approximately optimal 
for other tissues as well. 

Centrifugal fractionations of tissue homogenates now permit separation 
of intracellular material into four well defined fractions (5): (a) a nuclear 
fraction, (b) the mitochondria or “large granule” fraction, (c) submicro- 
scopic particle fraction, and (d) a supernatant fluid containing soluble 
enzymes. The object of this paper is to present the results of experiments 
in which homogenates were separated into these four fractions and re- 
combined in the various possible combinations. Measurements were made 
of lactic acid production and net uptake of inorganic orthophosphate by 
the fractions. 


* This work was supported by a grant from the American Cancer Society on the 
recommendation of the Committee on Growth of the National Research Council. 
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EXPERIMENTAL 


Since the centrifugal fractionation procedure requires some 5 hours, and 
the glycolytic measurements cannot be taken until fractionation is com. 
pleted, it was first necessary to study the stability of the enzyme systems 
Data presented in Table I indicate that little decline in activity occurs in 5 
hours at 0°, but that considerable decline occurs in 24 hours. It was there. 
fore possible to complete the fractionation and make the glycolytic meas. 
urements before any significant fraction of the activity was lost. 

For the study of enzyme distribution in tumor ceils, Flexner-Jobling 
carcinoma transplants! were made in Sprague-Dawley rats and the tumors 
taken 8 to 12 days later, when they were actively growing and free from 
necrosis. Liver is a very suitable normal tissue for this fractionation pro- 
cedure. It is composed mainly of one type of cell and provides clear cut 


TABLE I 
Stability of Glycolytic System in Homogenates Stored at 0° 
Glycolysis obtained in 40 minutes with 30 mg. of tissue. The results are expressed 
in micromoles per flask. 











Age of Flexner-Jobling carcinoma Rat liver Rabbit liver 
homogenate ero ee ee = A | ee a 
at 0 Lactic acid | Net P uptake! Lactic acid Net P uptake} Lactic acid | Net P uptake 
ars. 
0 9.4 1.0 6.8 —2.8 6.4 0.6 
5 9.0 3.6 652 —2.8 6.1 0.5 
24 2.6 1.0 3.4 —3.0 3.0 -0.9 
fractions. However, homogenates of liver tissue from intact, normal rats, 


though they glycolyze hexose diphosphate rapidly, do not appear to glyco- 
lyze glucose; they give inorganic phosphate output on our medium. Rab- 
bit liver was found to be more suitable, and consequently it was used as an 
example of a normal, differentiated tissue. The rabbits used were New 
Zealand white of mixed sex, 6 to 8 weeks of age. These rabbits were 
fasted 24 hours before use to eliminate glycogen from the liver. 
Fractionation—The animals were killed by decapitation and the tissues 
were rapidly removed to beakers containing ice-cold isotonic KCl and 
immersed in chopped ice, weighed, and homogenized in 9 volumes of isotonic 
(8.5 per cent) sucrose solution. The homogenates were fractionated exactly 
as previously described (5), with one exception. In the case of the tumor 
homogenates, the nuclear fraction was not washed because some of the 
nuclei failed to sediment when resuspended and centrifuged. Four frac- 


1 The authors wish to acknowledge the assistance of Mr. B. E. Kline in preparing 
the tumor transplants. 
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G. A. LEPAGE AND W. C. SCHNEIDER 1023 
tions were obtained for each tissue: a nuclear fraction (N or Nw), a mito- 
chondrial fraction (Mw), a submicroscopie particle fraction (Py), and a 
supernatant fluid (S.). The fractions were examined microscopically. 
The nuclear fraction contained large numbers of intact nuclei, some un- 


TaBLeE II 
Total Nitrogen and Nucleic Acid Content of Fractions Obtained fri 
‘lerner-Jobling Rat Carcinomas 


m Hon oge nates of 


Nitrogen® PNA phosphorus* DNA phosphorus* 
Fraction = . 
Tot A Total A B Total A B 
per cent Y per cent Y 4 per cent 

Homogenate 1503 100 )t Soce (100 )t 36.7 16.1 (100 )T 30.6 
N 559 5 20.9 37.8 37.4 39.4 85.4 70.7 
Mw 124 8.3 5.8 10.5 16.7 
Pw 130 8.7 9.4 17.0) 72.2 
S, 759 S055: ) IRS 32.2 | 23.4 

tecovery 1572 104.7 53.9 97.5 39.4 85.4 


* Per 100 mg. of fresh tissue or its equivalent. Phosphorus calculated from pen- 
tose determinations (7). A, fraction of homogenate; B, per mg. of N 
+ Figure assumed to be 100 per cent. 


TABLE III 
Total Nitrogen and Nucleic Acid Content of Fractions Obtained f 
Rabbit Liver 


1m Homogenates of 





Nitrogen* PNA phosphorus* DNA phosphorus* 


Fraction 


Total A Total A B Total A B 
+ per cent Y per cent Y per cent y 
Homogenate 2580 (100 )t 4.7 (100 )t 18.1 22.4 100 jt 8.7 
Nw 574 22.2 13.1 28.0 22.8 22.3 99.5 38.9 
Mw 272 10.6 4.6 9.8 17.0 
Pw 373 14.5 15:2 32.5 40.8 
Se 1260 18.9 14.8 31.6 11.8 
Recovery 2479 96.2 | 47.7 101.9 22.3 





* Per 100 mg. of fresh liver or its equivalent. Phosphorus calculated from pen- 
tose determinations (7). A and B, see Table I. 
} Figure assumed to be 100 per cent. 


broken cells, and no free mitochondria. Intact nuclei or nuclear fragments 
Were not visible in any of the other fractions. The nitrogen and nucleic 
acid contents of the fractions are given in Tables II and III. Each figure 
tepresents the average of three separate experiments. Nitrogen was de- 
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TABLE IV 
Flexne r-J obling Carcinoma 
Glycolysis obtained in 40 minutes with 30 mg. of tissue or fraction obtained 
therefrom. 


Lactic acid 


Tissue fraction produced Ne - ap take 
per flask : — 
micromole micromoles 

Homogenate 7.35 62 
Nuclei (N) : 1.3l | 23 
Mitochondria (Mwy) 0 0.13 
Microsomes (Pw) 0.05 76 
Supernatant fluid (S>2 2.69 2 07 
N+Mw 1.99 19 
N+Pw 2.28 ).62 
N+S2 : . 23 2.42 
Mw+Pw 0.38 5 
Mw-+S: 1.25 78 
Pwt+8. $85 2 
N+Mw+Pw-t:2 1228 ; 
TABLE V 
Rabbit Liver 

Glyecolysis obtained in 40 minutes with 30 mg. of tissue or fraction obtail 
therefrom. 

Tissue fraction peo Homey Net P uptake 
per flask ee 
micromoles micromole 

Homogenate... 6.26 0.23 
Nuclei (Nw).. 0.79 0.26 
Mitochondria (Mw) aes 0 0.05 
Microsomes (Pw) 0.17 0.31 
Supernatant fluid (S2) 4 3.30 ().42 
Nwt+Mw.... . 0.84 0.49 
Nw+Pw.. 1.74 0.14 
NwtS:.... 4.76 ).4] 
Mw+Pw 0.55 0.15 
Mw-+S:..... 4.30 0.07 
Pw+S8: 5.94 0.27 
Nwt+Mwt+PwtS:. ee eR ee ete ; 6.55 0.20 


termined by a micro-Kjeldahl procedure (6) and nucleic acids by color 
metric reactions (7). 

Glycolytic Measurements—These were made in Warburg respiromete! 
flasks at 38° under anaerobic conditions in an atmosphere of 95 per cell 
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nitrogen-5 per cent carbon dioxide. The gassing of flasks and other 
manipulations were as described earlier (4). To each flask the following 
additions were made: 0.30 ml. of 0.024 m potassium phosphate (pH 7.4), 
0.15 ml. of 0.5 M potassium bicarbonate, 0.30 ml. of 0.4 m nicotinamide, 
0.15 ml. of 0.15 M potassium pyruvate, 0.10 ml. of 0.01 m adenosine tri- 
phosphate potassium salt, 0.20 ml. of 0.003 m diphosphopyridine nucleo- 
tide potassium salt, 0.20 ml. of 0.1 Mm magnesium chloride, 0.10 ml. of 0.3 
am glucose, 0.15 ml. of 0.04 M hexose diphosphate potassium salt, 0.15 ml. 
of 0.2 M potassium fluoride, 0.30 ml. of water, isotonic sucrose (8.5 per cent) 
or tissue fraction in isotonic sucrose to make a total of 3.0ml. Homogenate 
equivalent to 30 mg. of tissue (0.30 ml.) was used for each flask. The 
washed particle fractions were resuspended in isotonic sucrose to one-third 
the volume of the homogenate from which they were obtained and a 
corresponding amount used (0.10 ml. per flask). The supernatant fluid 
had necessarily a larger volume and correspondingly more of it was used 
per flask (0.60 ml.). The glycolysis measurements were made as soon as 
the fractionation was completed (5 hours). Carbon dioxide output was 
measured at 38° for 40 minutes; then 0.25 ml. of 65 per cent trichloroa- 
cetic acid was tipped in from the side arm of each flask to stop the reaction. 
The flask contents were analyzed for lactic acid and inorganic phosphorus 
by methods previously described (6). Data for carbon dioxide evolution 
are omitted in favor of direct analyses for lactic acid, since the latter are 
more specific. 

Table IV gives the results of glycolysis measurements with Flexner- 
Jobling carcinoma homogenates, fractions, and recombinations. Table V 
gives the results obtained similarly for rabbit liver. Each figure in the 
tables represents the average of results from three separate experiments. 
Variations from one experiment to another were small. 


DISCUSSION 


The data for nucleic acid and nitrogen (Tables II and III) merit some 
comparison with the results obtained with other tissues (5, 8). The 
distribution of nitrogen in the fractions obtained from homogenates of 
Flexner-Jobling carcinoma was similar to that observed with liver tu- 
mors (8). The largest amounts of nitrogen were found in the nuclear 
fraction and supernatant, while the mitochondria and submicroscopic 
particle fractions contained very small amounts of nitrogen. Pentose 
nucleic acid (PNA) was present in all fractions but was more concentrated 
in the mitochondrial and submicroscopic particle fractions than in the 
homogenate. The reason for the poor recovery of desoxypentose nucleic 
acid (DNA) in the nuclear fraction of the Flexner-Jobling carcinoma (85.4 
per cent) is not known, since microscopic examination of the fractions 
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indicated that nuclear material was present only in the nuclear fraction. 4 
comparison of the results obtained with rabbit liver (Table III) with thoge 
previously reported for rat liver (5) shows that the most striking difference 
between the two tissues was the greatly decreased amounts of nitrogen 
recovered in the mitochondrial and submicroscopic particle fractions of 
the former. As in the case of rat liver, PNA was more concentrated only 
in the submicroscopic particle fraction and the entire DNA of the rabbit 
liver homogenate was recovered in the nuclear fraction. 

The glycolysis data can be examined with regard to which fractions of 
the cell are able to glycolyze hexose diphosphate (7.e., form lactic acid) and 
which are able to give phosphorus uptake. The interpretation is ad- 
mittedly complicated by the possibility that lactate formation may be 
limited by lack of any of the enzymes concerned with the phosphate 
acceptor-transmitter system. When these are absent from a fraction, 
its glycolysis might cease owing to lack of a phosphate acceptor. It is 
known that adenosinetriphosphatase tends to be associated with the 
particulate matter (3, 8). 

The results for tumor and normal liver are quite similar with regard to 
distribution of glycolytic enzymes. Liver does not give the strong phos- 
phorylation reaction that is obtained with tumor under these conditions. 
It appears that the main glycolytic activity is in the soluble fraction (%), 
However, it is not possible to get a rate approaching that of the homogenate 
without the addition to the soluble enzymes of one of the particulate 
fractions. Since the phosphorus uptakes by the soluble fraction are quite 
efficient, in relation to the amount of glycolysis, without the addition of 
particulate fractions, it does not seem likely that the hexokinase is lacking 
from the soluble fraction. It therefore appears that the particulate matter 
is needed mainly to add adenosinetriphosphatase in order that phosphate 
acceptor may be made more rapidly available. It is obvious that no 
fraction or pair of fractions can give the full activity of the whole homoge- 
nate, though when all fractions are recombined, the original activity is 
achieved. In the tumors, no single fraction gave as high an activity per 
unit of protein nitrogen as the original homogenate. 

Some glycolytic activity is shown by the nuclear fractions. ‘This is 
probably due to the presence of some whole cells, and in the case of the 
tumor to the presence of impurities from the other fractions, since the 
tumor nuclei were not washed. 


SUMMARY 


Homogenates of Flexner-Jobling rat carcinoma and rabbit liver were 
separated centrifugally to give four definite fractions: (a) a nuclear fraction, 
(b) a mitochondrial fraction, (c) a submicroscopie particle fraction, (d) & 
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“soluble’ fraction. Measurements were made of lactic acid production 
and net phosphorus uptake in an optimal medium under anaerobic condi- 
tions. The glycolytic enzymes appear to be in the ‘“‘soluble’’ fraction, 
though addition of any of the particulate fractions markedly increases the 
rate. No single fraction or pair of fractions is able to reach the activity of 
the original homogenate, though this is achieved when all fractions are 
recombined. It is concluded that in any study of glycolytic enzmyes no 
fraction of the cell should be used without making a study of the relation- 
ship between it and the total cell contents. 
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AN INVESTIGATION OF THE BIOLOGICAL BEHAVIOR OF THE 
SULFUR ANALOGUE OF CHOLINE* 


By GEORGE A. MAWf¢ anp VINCENT pu VIGNEAUD 
(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, July 16, 1948) 


During the course of investigations on transmethylation involving com- 
pounds related to choline (1, 2), it was found that betaine (3) and also its 
sulfur analogue, dimethylthetin (4), supported growth of the white rat on 
a choline-methionine-free diet containing homocystine, signifying that these 
compounds were able to supply essential methyl groups to the body. Di- 
methylthetin (sulfobetaine) was of particular interest because of its being 
a methylsulfonium compound. In view of its remarkable growth-promot- 
ing properties when administered in a methyl-free diet to rats, the studies 
have been extended to include the corresponding sulfur analogue of choline, 
6-hydroxyethyldimethylsulfonium chloride, which we have termed for con- 
venience “‘sulfocholine chloride.”’ 


EXPERIMENTAL 


Preparation of Sulfocholine Chloride—Renshaw, Bacon, and Roblyer (5) 
described the preparation of 8-hydroxyethyldimethylsulfonium iodide by 
the interaction of ethylene iodohydrin and dimethy] sulfide maintained at 
room temperature for several days. These workers noted that this method 
of preparation can result in the formation of considerable amounts of the 
trimethylsulfonium salt, due to the dissociation of the 3-hydroxyethyldi- 
methylsulfonium iodide, formed in solution, to methyl iodide and the subse- 
quent reaction between the methyl iodide and the dimethyl sulfide present. 
Other non-crystallizable, oily products were also formed in this reaction. 
We have repeated this method of synthesis and have obtained similar re- 
sults. The unavoidable formation of trimethylsulfonium salts during the 
preparation of methylsulfonium compounds, when dimethyl sulfide and an 
alkyl halide are used as starting materials, has been reported by other 
workers (6). We therefore describe an improved synthesis of sulfocholine 
iodide which obviates any formation of trimethylsulfonium iodide as a con- 
taminant. Ethylene bromohydrin is converted to methyl 8-hydroxyethyl 

* The authors wish to express their appreciation to the Commonwealth Fund and 
to the Lederle Laboratories Division, American Cyanamid Company, for research 
grants which have aided greatly in this work. 

t Commonwealth Fund Fellow; present address, Department of Biochemistry, St. 
Thomas's Hospital Medical School, London, England. 
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sulfide and the latter is treated with methyl iodide to give sulfocholix 
iodide in quantitative vield. 

Ethylene bromohydrin (62 gm.) was added slowly to methy! mercaptay 
(25 gm.) dissolved in sodium methoxide (12 gm. of sodium in 200 ¢¢’ ¢ 
absolute methanol). The formation of methyl 8-hydroxyethy! sulfide wa 
immediate and was completed by refluxing the product for 30 minute 
The supernatant liquid was fractionated under reduced pressure. The thiy 
ether distilled as a colorless oil, b.p. 74-75° at 22 mm., and was haloger. 
free. Methyl 8-hydroxyethy] sulfide (9.2 gm.) was added to methy] iodide 
(14.2 gm.) in a tightly stoppered bottle. The formation of the sulfonium 
iodide commenced within 10 minutes with the evolution of much heat and 
the whole reaction mixture had set to an orange crystalline mass within 


further 20 minutes. The iodide was converted to the chloride without pr. | 


liminary purification by shaking in aqueous solution with fresh silve 
chloride. On removal of the silver iodide formed, the aqueous solution 
was evaporated to dryness under reduced pressure and dried at 40° by 
means of an oil pump. The product was obtained as a slightly we 
viscous oil which crystallized to a highly deliquescent solid on being left 
overnight in the refrigerator. 


C,HySOCI. Calculated. C 33.7, H 


08, 8 2 
Found. OO On ee 


iS tS 


O 


to bo 
“1% 


Kip 4 
3, 4, 
Sulfocholine chloroplatinate crystallized as orange needles from aqueous 
ethanol, capillary m.p. 190° (corrected). 

Feeding Experiments—Young male albino rats of the Rockland strain 
were used. The animals were placed for 1 week on a preliminary diet of the 
following percentage composition: casein 20, fat (Covo) 19, Mazola corn ail 
1, salt mixture (7) 4, sucrose 55.6, fat-soluble and water-soluble vitamins 
(4), t-cystine 0.4. The animals were then transferred to the experimental 
diet of the following composition: amino acid mixture (1)! 18.5, fat (Covo) 
19, Mazola corn oil 1, salt mixture (7) 4, fat-soluble and water-soluble 


vitamins (4), pt-homocystine 0.87, L-cystine 0.4, the compound under test © 


and sucrose to make up to 100 per cent. Sulfocholine chloride was initially 
fed at a level of 0.77 per cent, corresponding on the basis of methyl groups 
to 0.5 per cent choline chloride. In subsequent experiments lower die 
tary levels were also used. Total liver lipides were determined by the 
method of Best, Channon, and Ridout (8). 


1 In the amino acid mixture used, a level of 1.9 per cent L-lysine hydrochloride, 
together with an equivalent amount of sodium bicarbonate (0.9 per cent), was el 
ployed, and the dietary level of the mixture was 18.5 per cent. 
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Results 


Growth Studies—Preliminary growth studies carried out on rats fed 0.77 
per cent sulfocholine chloride in a methionine-choline-free diet containing 
homocystine showed that this compound, unlike dimethylthetin, was not 
able to support growth. Furthermore, it was toxic and resulted in the 
death of the animals in 2 to 3 weeks. Growth experiments were therefore 
extended to lower dietary levels and the results obtained are given in Table 
I and compared with those for rats on the methyl-free diet with and without 


TABLE I 
Growth Rates of Rats on Methyl-Free Diets Supplemented with Sulfocholine Chlo- 
ride and Methyl B-Hydrozyethyl Sulfide 








Compound under test |Rat No] Pays.om | Weight | Food | Growth | Copdition of 
aie — —_— — | | } = 
| gm. gm. per day|gm. per pam 
Basal methyl-free diet | 50}; 12* 81-71 3.4 | —0O.8 | Hemorrhagic 
| 25 21 | 113-95 | 5.0 | —0.9 “6 
|} 28) 21 | 97-89 | 4.8 | —0.4 ee 
Sulfocholine chloride | 129} 32 | 78-89 5.2 | +0.3 « 
0.2% | 121); 32 | 75-85 5.3 | +0.3 oe 
Sulfocholine chloride | 122; 19% 92-54 4.7 | —2.0 | Normal 
0.39% | 133 | 23 106-107 | 4.6 | 0.0 “ 
Sulfocholine chloride | 44 16* 86-59 49 | ~1.7 
0.77% | 55] 15* | 98-65 3.9 | —1.9 “ 
52 | 21*¢ | 105-71 5.6 | —1.6 as 
Methyl 8-hydroxyethyl 43 12* | 101-72 2.9 | —2.4 | Hemorrhagic 
sulfide 0.99% 60; 11* | 89-74 3.2 | wiht “ 
Choline chloride 0.5% | 49 | 23 95-141 8.3 | +2.0} Normal 
| 51{ 21 85-153 | 9.2 | +3.2 “ 
24) 21 | 108-165]; 8.8 | +2.7 " 
' 

















* Rat died. 
t Level of compound in diet reduced to 0.39 per cent after 8 days. 

added choline. At all three levels administered, sulfocholine was unable to 
promote growth. However, at the 0.2 per cent level there was no evidence 
of toxicity and over a period of 32 days the rats maintained their body 
weights and even gained slightly. Some maintenance of body weight was 
also observed in the case of other rats at the higher dietary levels over an 
initial period of about 1 week and before the toxic effects of the compound 
had become evident. This was in contrast to the behavior of the animals 
on the methyl-free diet. These rats suffered consistent weight losses imme- 
diately after they were placed on the experimental diet. Considering the 
rats on the three dietary levels as one group, it was observed that twelve of 
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the nineteen animals under investigation maintained their body weight to 
within +5 gm. over the first 7 days, four lost more than 5 gm., and three 
gained more than 5 gm. A number of the animals showed weight mainte. 
nance over longer periods than 7 days. The possible significance of this 
observation is discussed in a further section. 

On the basis of previous studies with choline (9) and betaine (10), the 
inability of the sulfur analogue of choline to support the growth of rats on 
choline-methionine-free diets supplemented with homocystine suggests 
that sulfocholine cannot supply labile methyl groups for transmethylation 
processes. This result is somewhat surprising in view of the fact that sulfo- 
choline may be considered as structurally intermediate between the two 
highly active methyl donors, choline and dimethylthetin, and may have 

+ + - 
(CH3);NCH:CH;0H (CH;),SCH2CH20H (CH;3)283CH,COOH 

been expected on this account to show some activity. It clearly emphasizes 
the marked structural specificity associated with the ability of a compound 
to act as a methyl donor (2). It is of interest that Dubnoff and Borsook 
(11) have reported the existence in rat and guinea pig liver of three trans- 
methylases specifically concerned with the methylation of homocysteine by 
choline, betaine, and dimethylthetin, respectively. 

At levels of 0.39 per cent and above in the diet, sulfocholine proved toxic 
to rats and resulted in their death within 2 to 3 weeks. The symptoms of 
toxicity were not manifest until about 1 week after the administration of the 
compound, although some rats during this period seemed more nervous and 
excitable than control animals. On about the Sth to the 10th day a black 
speck appeared in the corner of each eye in the neighborhood of the tear 
duct. This developed into an acute exudative inflammation of the anterior 
palpebral fissure of each eye. During the next 2 days this spread posterially 
along the conjunctival cutaneous junction, involving the rims of both eye- 
lids and resulting in closure of the eyes. At this stage the corners of the 
mouth and occasionally the anus were found to be inflamed and encrusted 
and the skin of the forepaws and chest became red and inflamed. On 
autopsy no general gross pathology was observed, although in some rats 
the kidneys appeared slightly enlarged. 

These toxic symptoms did not appear in rats fed 0.99 per cent methyl 
8-hydroxyethyl sulfide along with the methyl-free diet. However, as indi- 
cated in Table I, these animals failed to grow and died within 2 weeks, as 
did one of the animals on the basal diet. They were found on autopsy to have 
markedly hemorrhagic kidneys. This renal damage due to a methyl defi- 
ciency seems most likely to have been the cause of death. Another animal 
which survived on the experimental diet for 43 days likewise did not show 
the eye or mouth lesions described. 
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In view of the possibility of some of the symptoms being due to an irritant 
action of the compound as a result of contact with the diet, several rats were 
treated daily for 3 weeks with a 1 per cent aqueous solution of sulfocholine 
on a shaved patch of skin between the ears. No observable effect was 
obtained by this treatment. 

The actual mechanism of the toxicity is not yet understood, but a number 
of possible explanations have been examined. It was considered that sul- 
focholine might be acting as a choline antagonist, despite the fact that the 
symptoms of toxicity do not resemble those of a simple choline deficiency. 
Rats were maintained for 6 days on the preliminary 20 per cent casein diet 
and were then transferred to the amino acid diet containing homocystine 
and supplemented by sulfocholine and choline in the following ways: 0.77 
per cent sulfocholine as the chloride was fed for 10 days and 0.5 per cent 
choline was then added; 0.5 per cent choline was fed along with the 0.77 
per cent sulfocholine for 10 days and the choline level was then raised to 1 
per cent; 0.5 per cent choline was fed for 10 days before the administration 
of 0.77 per cent sulfocholine, and after another 10 days the choline level was 
raised to 1 per cent. All rats, whether given choline some days after, simul- 
taneously with, or even prior to the addition of sulfocholine to the diet, died 
within 14 to 16 days. 

Dimethylthetin chloride was also unable to prevent the eve and mouth 
lesions resulting from the feeding of sulfocholine. Rats transferred from 
the methyl-free diet containing 0.84 per cent dimethylthetin chloride to the 
same diet with added 0.6 per cent sulfocholine developed these symptoms 
after a period of about 10 days. Rats maintained on the preliminary 20 
per cent casein diet supplemented with 0.77 per cent sulfocholine also de- 
veloped the toxic symptoms, lost weight, and died within 2 weeks. 

Since the inflammation of the corners of the mouth and eyes caused by 
sulfocholine is suggestive of a riboflavin deficiency, two rats just showing 
the toxic symptoms on the methyl-free diet containing 0.77 per cent sulfo- 
choline were given 200 y of riboflavin per day orally for 9 days. No allevia- 
tion of the condition of the eyes and mouth was observed. This would 
suggest that sulfocholine administration was not producing a riboflavin 
deficiency. 

Lipotropic and Kidney Antihemorrhagic Properties—It was observed, as 
pointed out earlier, that, when first placed on methyl-free diets containing 
sulfocholine, rats did not generally suffer marked weight losses for the Ist 
week and in some cases for a longer period. This finding was interpreted 
as indicating that sulfocholine might be replacing choline in at least some 
of its metabolic réles, so making available a small amount of tissue choline 
for transmethylation. This idea was strengthened by the finding, indicated 
in Tables I and II, that the kidneys of rats fed 0.39 per cent and 0.77 per 
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cent sulfocholine were definitely protected against hemorrhagic damage, | 


Subsequent experiments have shown that not one of the seventeen animals 
fed sulfocholine at these two levels developed hemorrhagic kidneys. 0} 
seven animals fed 0.2 per cent sulfocholine, four developed hemorrhagic 
kidneys and three were protected. Determinations of total liver lipides 
were carried out on rats fed the compound at the three dietary levels, 0.2 per 
cent, 0.39 per cent, and 0.77 per cent, for a 10 day period. The results are 
shown in Table II and compared with those for rats on comparable food 
intakes of a methyl-free diet. Two rats given the methyl-free diet con. 
taining added choline for the same period gave total liver lipide values of 
3.0 and 3.7 respectively. The results clearly demonstrate that sulfocholine 


TABLE II 


Total Lipides of Livers of Rats Fed Sulfocholine at Various Levels for 10 Day Period 








a : Rat No. Food intake Weight change Liver lipides Condition of kidneys 
per cent em an Seidia Liner 
0 (Methy!l- 265 48 —7 12.7 Hemorrhagic 
free diet) 271 19 —12 12.9 es 
wid 43 —12 9.8 
0.2 340 60 +18 6. Normal 
336 45 —5 8.4 es 
328 50 —3 18.9 Hemorrhagic 
0.39 276 59 0 4.8 Norma! 
280 54 +3 5:2 = 
279 50 +2 3.0 a 
0.77 263 46 —4 3.6 ' 
278 46 —7 5.1 : 
274 45 —7 5.4 ' 





| 
| 
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is actively lipotropic at dietary levels of 0.39 per cent and above. Ata 
level of 0.2 per cent, the lipotropic activity was only partially evident. 

It might be pointed out that the protection against fatty livers and 
hemorrhagic kidneys was not the result of a low food intake, since the 
protected animals ate an amount equivalent to that consumed by the 
control animals. 

It has been established that the lipotropic properties of arsenocholine 
(12, 13) and triethylcholine (14) are due to the ability of these compounds 
partly to replace choline in the liver phospholipides. It seemed likely 
that sulfocholine might be lipotropic for the same reason and an attempt 
was therefore made to detect sulfocholine in the liver fat of animals fed 
this compound. The livers were first homogenized and extracted with 
hot ethanol. This process would be expected to remove any unbound 
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sulfocholine present, as well as the total lipides. The residue obtained 
upon evaporation of the ethanol was then extracted with hot absolute 
ether, thus separating the lipides from any insoluble free sulfocholine. 
Upon removal of the solvent, the individual liver fats were pooled in groups 
of three and heated in sealed tubes with excess sodium ethoxide at 70° for 
3 days. Under these conditions we have found sulfocholine to be decom- 
posed to dimethyl sulfide, as in the case of other alkyl dimethylsulfonium 
salts (15). The contents of the tubes were then examined for dimethyl 
sulfide by breaking each tube in a stout bottle connected to a chain of 
bubbler tubes containing saturated mercuric chloride solution. Air was 
drawn through the apparatus, whereupon a voluminous white precipitate 
was formed in the first mercuric chloride trap. This mercuric chloride 
complex was recrystallized from an acetone-benzene mixture. The melting 
point of the compound (151° (corrected)) agreed with that of the corres- 
ponding mercuric chloride complex prepared from pure dimethyl sulfide, 
as did the melting point of a mixture of the two substances. Analyses for 
sulfur and chlorine were made on the mercuric chloride derivative of the 
sulfide obtained from the liver fats and were compared with those for 
authentic dimethyl sulfide. The mercuric chloride derivative of dimethyl 
sulfide possessed a sulfur content of 6.45 per cent and a chlorine content of 
23.2 per cent. The mercuric chloride derivative of the sulfide from the 
liver fats possessed a sulfur content of 6.26 per cent and a chlorine content 
of 23.0 per cent. The volatile sulfide thus appears to be dimethyl sulfide. 
Its isolation from liver fats so treated with sodium ethoxide affords evi- 
dence that sulfocholine was present in combined form in the phospholipides. 
This is in accord with the deductions from the analytical data in Table 
II and establishes the lipotropic nature of sulfocholine. 


The authors wish to thank Miss Josephine E. Tietzman for performing 
the microanalyses and Mrs. Audrey Kellogg Hafford for technical assistance 
in connection with this problem. 


SUMMARY 


An improved synthesis of 8-hydroxyethyldimethylsulfonium iodide and 
its conversion to the corresponding chloride are described. This latter 
compound, referred to as “sulfocholine chloride,’ has been found to be 
incapable of supporting the growth of rats on diets free of choline and 
methionine and containing homocystine. The compound was toxie above 
a level of 0.2 per cent in the diet. Sulfocholine has been found to be active 
in preventing the development of fatty livers and renal hemorrhages in 
rats fed the methyl-free diet. 

A volatile sulfide has been isolated from the livers of such rats by a 





28 pa IS CL Rae > 


i 
5 








1036 SULFOCHOLINE 


procedure which is known to cause the degradation of sulfocholine to 
dimethyl] sulfide. The sulfide has been identified as dimethyl sulfide. 
This is presented as evidence that the lipotropic activity of sulfocholine 
is due to its incorporation into liver phospholipides in place of choline. 
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COMPOUNDS RELATED TO DIMETHYLTHETIN AS SOURCES 
OF LABILE METHYL GROUPS* 
By GEORGE A. MAWf ano VINCENT pu VIGNEAUD 
(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, August 3, 1948) 


Previous studies carried out in this laboratory (1-4) have shown that the 
only compounds so far known to be capable of supporting the growth of the 
rat on a choline-methionine-free diet supplemented with homocystine are 
choline itself (and choline derivatives, e.g. lecithin and phosphorylcholine), 
dimethylethyl-8-hydroxyethylammonium chloride (monoethyleholine), be- 
taine, and dimethylthetin (sulfobetaine). On the basis of experiments 
involving the feeding of deuteriocholine and deuteriobetaine to rats (5, 6), 
the activity of compounds in supporting growth under these conditions is 
interpreted as signifying that they are able to transfer methyl groups to 
homocystine to form methionine. In addition to promoting growth, these 
methyl-donating compounds are also able to prevent the formation of fatty 
livers (3). However, other compounds devoid of available methyl groups 
are active lipotropic agents, and thus the ability to act as a lipotropic agent 
cannot be considered synonymous with the ability to act as a donor of 
essential methyl groups (7). 

In view of the pronounced methyl-donating activity of the sulfur ana- 
logue of betaine (4) and the lack of this activity in the case of the corre- 
sponding sulfur analogue of choline (8), it became of interest to extend 
these investigations to other sulfonium compounds in order to gain further 
information of the structural specificity involved. Compounds tested 
included methylethylthetin, diethylthetin, and dimethyl-G-propiothetin. 
The last named compound appeared of special significance, since it has 
recently been isolated from a marine alga, Polysiphonia fastigiata, by 
Challenger and Simpson (9). In a preliminary communication we have 
already reported it to be an excellent substitute for choline in methyl-free 
diets containing homocystine (10). 


EXPERIMENTAL 





Preparation of Compounds—S-Methylthioglycolic acid was prepared by 
methylation of ethyl thioglycollate with methyl iodide in alcoholic sodium 


*The authors wish to express their appreciation to the Commonwealth Fund 
and to the Lederle Laboratories Division, American Cyanamid Company, for re- 
search grants which have aided greatly in this work. 

+ Commonwealth Fund Fellow; present address, Department of Biochemistry, St. 
Thomas’s Hospital Medical School, London, England. 
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methoxide and hydrolysis of the resulting ester with sodium hydroxide, 
Dimethylthetin, methylethylthetin, and diethylthetin were obtained ag 
their chlorides by the interaction of monochloroacetic acid with dimethy), 
methylethyl, and diethyl sulfides, respectively, in nitromethane as solvent, 
Dimethyl-s-propiothetin chloride was prepared by treatment of 3-iodo- 
propionic acid with dimethy] sulfide in nitromethane and conversion of the 
resulting sulfonium iodide to the chloride by shaking with dry silver 
chloride in absolute ethanol. 

Feeding Experiments—Young male albino rats of the Rockland strain 
were used. The animals were placed on a preliminary diet containing 20 
per cent casein (Diet I, composition given in the following section). After 
being kept on this diet for approximately 1 week they were transferred for 
7 days to a diet containing pure amino acids as the protein component (1)! 
together with 1 per cent pt-methionine (Diet II). The rats showing most 
satisfactory growth at this stage (a growth rate of 2 to 3 gm. per day) were 
then selected for the feeding of the compounds under investigation. The 
animals were transferred to a diet similar to Diet II, with the exception that 
the methionine was replaced by 0.87 per cent pL-homocystine together with 
the compound under test (Diet ITI). 

Composition of Diets—The percentage composition of the diets was as 
follows: Diet I, casein 20, fat (Covo) 19, sucrose 55.6, salt mixture (11) 4, 
Mazola corn oil 1, fat-soluble and water-soluble vitamins as reported ina 
previous publication (4), L-cystine 0.4. Diet II, amino acid mixture (1)! 
18.5, sucrose 56.1, pt-methionine 1.0, L-cystine 0.4, fat, salt mixture, and 
vitamins as in Diet I. Diet III, amino acid mixture (1)! 18.5, pi-homo- 
cystine 0.87, L-cystine 0.4, fat, salt mixture, and vitamins as in Diet I, the 
compound under test and sucrose to make up to 100 per cent. Methyl- 
thioglycolic acid, dimethylthetin chloride, and dimethylpropiothetin chlo- 
ride were administered in amounts corresponding on the basis of methyl 
groups to an arbitrarily chosen level of 0.5 per cent choline chloride. 
Methylethylthetin chloride and diethylthetin chloride were given in 
amounts equivalent on a molar basis to the dimethylthetin chloride fed. 

Preparation of S-Trideuteriomethylthioglycolic Acid—Ethy] thioglycolate 
(2.4 gm.) was dissolved in sodium methoxide (0.46 gm. of sodium in 7 ce. 
of absolute methanol) at — 10°, and 3.0 gm. of trideuteriomethy] iodide (12) 
were added gradually. The resulting solution gave a negative test for the 
sulfhydryl grouping. The methanol was evaporated, the residue was 
heated with 3 cc. of water, and the ethyl deuteriomethylthioglycolate was 
saponified by the dropwise addition of sufficient 15 per cent potassium 


1 In the amino acid mixture used, a level of 1.9 per cent of L-lysine hydrochloride, 
together with an equivalent amount of sodium bicarbonate (0.9 per cent), was em- 
ployed, and the dietary level of the mixture was 18.5 per cent. 
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hydroxide to keep the reaction mixture alkaline to brom-thymol blue. 
The solution was then acidified with concentrated hydrochloric acid and the 
trideuteriomethylthioglycolic acid was extracted with two 7 cc. portions of 
ether, dried over sodium sulfate, and distilled at 112-113° at a pressure 
of 12 mm. 


Analyses—Trideuteriomethylthioglycoliec acid 
Elementary.? Calculated, S 29.77; found, 8 29.71 
Deuterium. 53.1 + 0.7 atom % excess in methyl group 


Feeding Experiment—Two 85 gm. rats were maintained on the prelimi- 
nary diet (Diet I) for 6 days and then were transferred for 11 days to Diet 
III together with 1.14 per cent S-trideuteriomethylthioglycolic acid and 
0.9 per cent sodium bicarbonate to neutralize the acid. (The addition of 
the base was effective in reducing almost completely the odor of the com- 
pound in the diet.) Food intakes were determined daily and further 
supplements of the sodium salt of trideuteriomethylthioglycolic acid in 
water were given by stomach tube in order to make up the daily intake to 
70 mg. or to that amount which would be supplied in 6 gm. of diet. Since 
the food intakes were 4 to 5 gm. per day, the amount administered by 
stomach tube represented only a small fraction of the total dose. At the 
end of the period the rats were sacrificed. Carcass choline was isolated as 
the chloroplatinate, creatine as creatinine potassium picrate (12), and both 
compounds were analyzed for deuterium (13). 


Results 


In Table I are shown the growth rates and food intakes of rats fed the 
various compounds under discussion in methyl]-free diets containing homo- 
cystine. For comparison the corresponding data for rats on a methyl-free 
diet with and without the choline supplement are given. Dimethylthetin 
and dimethylpropiothetin were clearly able to support growth as well as 
choline itself and produced no apparent toxic effects at the dietary levels 
used. The rats maintained on these compounds remained in excellent 
health throughout the experiment and in no case was there a detectable 
growth lag during the transfer from the methionine-containing diet to the 
diet containing homocystine and the compound under test. Methylethyl- 
thetin appeared to be somewhat less active as a methyl donor. Two of the 
rats on this compound grew as well as those on dimethylthetin; four animals 
grew at a slower rate although they fared substantially better than those 
on the methyl-free diet; one died after 10 days. Diethylthetin was inactive 
in supporting growth. 


2 The calculated value is based on the increased molecular weight due to deute- 
rium in the molecule. 
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Both dimethylthetin and dimethylpropiothetin prevented the formation 
of hemorrhagic kidneys in the animals studied. Methylethylthetin 
definitely prevented hemorrhagic kidneys in five out of the seven animals, 


TABLE I 


Growth Rates and Food Intakes of Rats Fed Dimethylthetin and Related Compounds 


em. | “aey | "day 
Basal methyl-freediet 3650 27 96-69 4.1 —1.0 Hemorrhagic 
3654 27 99-89 4.6 —0.4 = 
3660 10* 103-86 4.3 —1.7 
50 12* 81-71 3.4 —0.8 
25 21 113-95 5.0 —0.9 
28 21 97-89 4.8 —0.4 
Choline 0.5% 3643 23 93-139 8.6 +2.0 Normal 
$9 23 95-141 8.3 +2.0 = 
51 21 85-153 9.2 +3.2 
24 | 21 108-165 8.8 +2.7 
Dimethylthetin 0.84% 3644 24 90-150 7.4 +2.5 
3658 24 107-186 9.2 +3.3 
3661 27 78-124 6.6 +1.7 
Dimethylpropiothetin 41 21 98-158 8.8 +2.9 
0.92% 48 | 21 88-137 7.9 +2.3 
57 21 101-180 9.3 +3.8 
Methylethylthetin 3649 16 88-94 5.7 +0.4 
0.92% 3651 10*+ 103-71 4.0 —3.2 
3653 16 83-104 6.9 +1.3 
3656 23 89-145 9.4 +2.4 
47 21 84-93 5.1 +0.4 ? 
54 23 96-136 6.7 +1.7 Hemorrhagie 
26 21 109-163 8.1 +2.6 Normal 
Diethylthetin 0.99% 3645 27 85-61 oO —0.9 | Hemorrhagic 
3655 27 93-79 2 —0.5 ie 
3657 27 105-84 4.9 —0.8 
S-Methylthioglycolic 3646 13” 89-75 3.5 —1.1 
acid 0.5% 3659 27 104-93 5.2 —0.4 
S-Methylthioglycolic 3648 14* 103-58 3.4 —3.2 
acid 1.14% 3652 27 85-63 3.5 —0.8 


* Rat died. 
+ Cause of death unknown. 


In another rat of this group, protection was doubtful. Diethylthetin was 
completely ineffective. 

Dimethylthetin has previously been reported as being lipotropic by 
Welch, as referred to by Moyer and du Vigneaud (3). In Table II are 
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yn shown parallel data obtained from rats given methylethylthetin and di- 
Q methylpropiothetin. ‘The liver fat values are compared with the corre- 
S. sponding figures for rats on a methyl-free diet with and without added 
choline. Dimethylpropiothetin was highly active as a lipotropic agent, as 
would be expected from its ability to promote growth on homocystine diets 
j TABLE II 
Total Liver Lipide Values 
Compound under test Rat No. Dayson diet Food intake So 
rm. per doy | Becent wa 
} Basal methyl-free diet 25 21 5.0 16.6 
28 21 1.8 20.6 
Choline 0.5% 3643 23 8.6 4.7 
24 21 8.8 4.8 
51 21 9.2 4.1 
Dimethylpropiothetin 0.92% 57 21 9.3 §.2 
4] 21 8.8 9.2 
48 21 7.9 4.0 
Methylethylthetin 0.92% 3649 16 5.7 4.4 
3653 16 6.9 5.3 
3656 23 9.4 5.5 
47 21 9.1 12.5 
54 23 6.7 5.6 
26 21 8.1 10.9 
TaB_e III 
Feeding Experiment with S-Trideutertomethylthioglycolic Acid* 
Cholinet isolated Creatine isolated 
> 7 Change in ey saueemnees kanteaeema - a atininininiieaotaga 
MENS bodyweight Deuterium in | gaff S"ftm Deuterium in | gals Bm 
methyl groups compound fed methyl! groups compound fed 
39 102-92 0.49 + 0.25 0.91 0.52 + 0.40 0.99 
21 99-88 0.52 + 0.13 0.99 0.37 + 0.39 0.70 
* The experiments were conducted over an 11 day period. 
+ Analyses for choline chloroplatinate: Rat 39, calculated, Pt 31.6, found, 31.8; 
Rat 21, calculated, Pt 31.6, found, 32.2 per cent. 
and to prevent renal hemorrhages. Methylethylthetin was again not as 
5 active as dimethylthetin, the former compound protecting four out of the 
six rats from fatty livers. 
"4 As shown in Table I, S-methylthioglycolic acid, the sulfur counterpart of 
e dimethylglycine, was unable to support growth at the two levels fed. The 
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higher level corresponds on the basis of methyl groups to 0.5 per cent 
choline, but since it was considered that the compound might be toxic at 
such a concentration a lower level was also used. The compound was also 
unable to prevent the onset of hemorrhagic kidneys. 

In view of the close structural relationship of S-methylthioglycolic acid 
to dimethylthetin, it seemed possible that methylthioglycolic acid might be 
capable of acting as a precursor of dimethylthetin in the body, thus acting 
as an indirect methyl donor. It may be recalled that dimethylamino- 
ethanol (14) has been shown to act as an indirect methyl donor, being unable 
to promote growth appreciably, yet able to furnish methyl groups which 
eventually find their way into tissue creatine and choline. 

To investigate the rédle of methylthioglycolic acid, this compound was 
prepared with its methyl group labeled with deuterium and was fed to two 
rats. After a period sufficiently long for detectable transmethylation to 
have taken place, the rats were killed and the tissue choline and creatine 
were analyzed for deuterium. ‘The results are shown in Table III. Legs 
than 1 per cent of the deuteriomethyl groups was found to be present in the 
choline and creatine and in the case of the latter compound the amount 
present was within the range of experimental error. The extent of this 
methyl transfer is comparable to that obtained from sarcosine (15) and 
dimethylglycine (6), both regarded as poor methyl donors. These results 
indicate that methylthioglycolic acid is not an active source of methyl 
groups. In addition, the results suggest that the methylation of methyl- 
thioglycolic acid to dimethylthetin does not take place to an appreciable 
extent in the body under the conditions described. 

DISCUSSION 

The demonstration by du Vigneaud, Moyer, and Chandler of the ability 
of dimethylthetin to promote the growth of rats on methyl-free diets (4), 
together with the present findings of the similar activity of dimethylpropio- 
thetin (10), clearly marks these methylsulfonium compounds as a new class 
of methyl donors. These in vivo experiments are in agreement with the 
independent in vitro experiments of Dubnoff and Borsook (16), who have 
shown dimethylthetin* to be an extremely active methyl donor for homo- 
cysteine in liver homogenates. The earlier observation of Welch (3) that 
dimethylthetin is a lipotropic agent and our data that methylethylthetin 
and dimethylpropiothetin are also lipotropic add further support. In 
addition, Welch‘ has reported that dimethylthetin and methylethylthetin 


3 In the oral presentation of their paper on dimethylthetin (meeting of the Ameri- 
can Society of Biological Chemists at Atlantic City, March 15, 1948), the abstract 
of which is referred to, Dubnoff and Borsook reported that dimethylpropiothetin 
was also active in promoting methionine synthesis. 

4 Welch, A. D., private communication. 
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are able to protect animals on methyl-free diets from renal hemorrhagic 
damage. Our results are in confirmation and also include dimethyl- 
propiothetin as an antihemorrhagie agent. 

The position of methylethylthetin as a methyl donor appears to be a 
border line one and intermediate between dimethylthetin and diethylthetin, 
since it was capable of supporting good growth in only two out of the seven 
animals under test. The compound was able to protect all but two of the 
animals from fatty livers and all but two from renal hemorrhagic damage. 
Its lower activity compared with dimethylthetin may possibly be associat- 
ed with the presence in the molecule of an ethyl group bound in a similar 
manner to the methyl group. It has previously been observed that the 
replacement of the methyl groups in choline and methionine by ethyl groups 
leads to decreased growth-promoting activity and increased toxicity (3, 17). 

Diethylthetin was unable to support growth and animals fed on this 
compound developed hemorrhagic kidneys. Welch has found it to be 
inactive as a lipotropic agent.‘ Triethylcholine, also devoid of methyl 
groups, is known, however, to be a lipotropic and antihemorrhagic agent 
on account of its ability to replace the choline molecule as a whole in certain 
of its metabolic réles (8, 18). Diethylthetin must therefore be unable to 
replace the entire choline molecule or to form a further compound in the 
body which is effective. In this respect it resembles arsenobetaine and 
phosphobetaine (19). 

The original discovery by Challenger and Simpson of the presence of 
dimethylpropiothetin in Polysiphonia fastigiata (9), which prompted 
growth studies on this compound, introduces the possibility that substances 
of this type may be present in other organisms. Moreover, the fact that 
dimethylthetin and its homologue have been found to be active methyl 
donors in the rat coupled with the report of Dubnoff and Borsook (16) that 
an enzyme specifically catalyzing the methylation of homocysteine by 
dimethylthetin exists in rat and guinea pig liver tissue would suggest that 
either dimethylthetin or a homologue or closely related derivative may 
actually be a tissue constituent and may take part in normal methylation 
processes. If this is the case, such compounds would have to be considered 
as potential dietary factors, and a diet deficient in methionine, choline, and 
betaine alone could no longer be considered as methyl-free unless methyl- 
donating thetins had been shown to be absent. 

Many of the earlier studies on the metabolism of choline, betaine, and 
related compounds have been directed towards modification of the structure 
of the compound in question in order to determine to what extent the 
molecular configuration may be altered without effecting a loss in biological 
activity. With lipotropism as the biological activity in mind, it has been 
possible, in the case of choline, to make considerable structural changes, 
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including complete replacement of methyl by ethyl groups (18), and re. 
placement of the nitrogen atom by phosphorus (19), arsenic (20), and sulfur 
(8) with retention of the lipotropic properties. The most reasonable 
explanation at the present time seems to be that the various substituted 
cholines are being utilized in the liver for phospholipide formation in liey 
of choline itself and are active merely by virtue of being choline analogues 

In the case of methyl-donating ability, if the assumption is made that 
dimethylthetin is active because it is the sulfur analogue of betaine, then 
one might expect sulfocholine to be at least as effective, if not more so. 
However, it has been shown not to be a methyl donor and to be toxic above 
a certain dietary level (8). Furthermore, whereas dimethylpropiothetin 
exhibits a marked growth-promoting activity, its nitrogen analogue, 8- 
alanine betaine, is toxic and apparently not a methyl donor (3). The 
concept of the methylsulfonium compounds under discussion as _ being 
methyl donors simply on account of their structural similarity to nitrogen 
compounds already known to take part in transmethylation reactions 
would see n misleading, particularly in view of the existence of a separate 
enzyme system concerned with transmethylation from these compounds 
(16). The thetins referred to must be considered as methy! donors in their 
own right and not because of their analogy to betaine. 

From an examination of the structures of the six compounds which have 
been shown to be capable of methylating homocystine zn vivo, namely 
choline, monoethylcholine, betaine, dimethylthetin, methylethylthetin, and 
dimethylpropiothetin, it appears that the structural criterion associated 
with this process is the presence, in the molecule of the potential methyl 
donor, of a methyl group or groups directly attached to an onium pole. 
Growth-promoting activity is not exhibited by compounds lacking either a 
methyl group or an onium structure, although lipotropic properties may 
still be exhibited by such compounds. On the one hand, triethylcholine 
(1, 3) and diethylthetin, lacking available methyl groups, are inactive in 
promoting growth. On the other hand, N-methyl and S-methyl com- 
pounds such as methylaminoethanol and dimethylaminoethanol (14), 
sarcosine (15), dimethylglycine (6), methyl 8-hydroxyethyl sulfide (8), and 
S-methylthioglycolic acid, which lack the onium structure, are likewise 
inactive in promoting growth. This criterion for methylation activity is 
further coupled with an enzymic specificity, since many other methylated 
onium compounds, including arsenocholine (21), N-methylnicotinamide 
(22), trigonelline (3), and various betaines (3) are ineffective in this respect. 


SUMMARY 


Growth studies on rats fed methionine-choline-free diets supplemented 
with homocystine together with a number of compounds related to di- 
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methylthetin show that, in addition to the latter compound, dimethyl- 
propiothetin is a highly active methyl donor. Methylethylthetin is less 
active and diethylthetin is quite inactive. 

Dimethylpropiothetin is an effective lipotropic and kidney antihemor- 
rhagie agent, methylethylthetin is again less active, and diethylthetin shows 
no protective properties. 

S-Methylthioglycolic acid is unable to support growth or to protect ani- 
mals against renal hemorrhagic damage. Its inability to act as an efficient 
methyl donor to homocystine has been confirmed by labeling the S-methyl 
group with deuterium. Inappreciable amounts of the isotope were found 
to be present in the methyl groups of tissue choline and creatine after 
11 days. 

The relationship of methyl-donating ability to chemical structure is 
discussed. 
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BIOSYNTHESIS OF PENICILLINS* 


VIII. STUDIES WITH NEW BIOSYNTHETIC PENICILLINS ON 
PENICILLIN RESISTANCE 


By OTTO K. BEHRENS ano MARY JANE KINGKADE 


(From the Lilly Research Laboratories, Indianapolis) 
(Received for publication, July 24, 1948 


It has been reported that the natural penicillins show a similar specificity 
of action on various microorganisms. Eisman (1) has demonstrated that a 
Staphylococcus which had acquired resistance to benzylpenicillin (penicillin 
G) was also resistant to p-hydroxybenzyl- and 2-pentenylpenicillins (penicil- 
lins X and F). However, several investigators have observed that the 
relative activity of the penicillins was not regular, but varied from organism 
to organism (e.g. (2)). It was of interest to determine whether the activity 
of the new biosynthetic penicillins (3) would fall in a similar narrow range of 
variation, or whether such penicillins, containing acyl groups derived from 
biologically foreign substances, would exhibit a wider range of action. 

Resistance of organisms to penicillin has been ascribed to at least two 
different mechanisms. One of these involves production of penicillinase 
either as an intracellular or extracellular enzyme. The other does not 
appear to involve penicillinase. In determining the specificity of action of 
the new penicillins, tests were, therefore, conducted (a) by comparing the 
rates of reaction of these compounds with penicillinase, and (b) by determin- 
ing their effectiveness against a benzylpenicillin-resistant strain of Staphy- 
lococcus aureus 209-P which did not produce demonstrable quantities of 
penicillinase. 


EXPERIMENTAL 


Reactions of Penicillinase with Some Biosynthetic Penicillins—The mano- 
metric method of Henry and Housewright (4) for assaying penicillin proved 
to be a simple and relatively precise procedure for following the peni- 
cillin-penicillinase reactions. The following solutions were used in the de- 
terminations. 

1. Sodium bicarbonate buffer, pH 7.0, prepared by dissolving 357.1 mg. 
of sodium bicarbonate (Baker) in 500 ml. of distilled water and equilibrating 
the solution with a gas mixture of 95 per cent O»-5 per cent COs. 


* For paper VII, see Soper, Q. F., Whitehead, C. W., Behrens, O. K., Corse, J., 
and Jones, R.G.,.J.Am. Chem. Soc., 70, 2849 (1948). 
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. Penicillinase solution, prepared immediately before use by dissolving 
mg. of penicillinase! in 12.5 ml. of the bicarbonate buffer. ; 

3. Penicillin solutions, prepared by dissolving the sodium salt of the 
penicillin in enough bicarbonate buffer so that 0.5 ml. of solution cop. 
tained 1 X 107° mole of the sodium penicillin. The concentrations of 
penicillin solutions were checked by bioassay. 

Constant volume Warburg respirometers were used. The main com. 
partment of the vessel contained 2.5 ml. of bicarbonate buffer and 0.5 mj. 


2 
0.7 


TABLE I 

De struction of Pe nicillins by Pe nic illinase 

"Penicillin, sodium salt No. of assays ratio* 
Phenoxymethyl-....... 2 1.40 
8-Phenoxyethylmere aptomethy!- 15 1.17 
8-Bromoallylmercaptomethy]-. . } 17 
a-Thiophenemethy]-. { 1.15 
m-Trifluoromethylphenylmere aptomethy?- 2 14 
Allylmercaptomethyl-............. 6 1.08 
o-Fluorobenzy!1- 2 1.07 
Ethylmercaptomethy]- 6 1.05 
p-Bromobenzy]- soll 2 1.02 
Isopropylmercaptomethyl-....... lca 6 1.02 
Phenylselenomethyl-..... ' ; 5 a 2 1.01 
Benzyl-.... sah ; 37 1.00 
p- Methoxybe eyle. ae ] 0.98 
Isoamylmercaptomethyl-.. £u9 cinpadhs 9 0.97 
n-Butylmercaptomethyl-. Nia Citi ka vetnas diy 9 0.92 
n-Propylmercaptomethy]-. . Bis ’ 6 0.92 
m-Fluorobenzyl-......... 2 0.90 
p-Tolylmethy]- 2 0.83 
Cyclopentylmethyl-.... 4 0.79 

* (Rate of reaction of penicillinase and new penicillin) /(rate of reaction of peni- 


cillinase with benzylpenicillin). The values represent the average of the several 
determinations. 


of penicillin solution. The system was equilibrated with the gas mixture at 
37.5°, closed, and the enzyme solution (0.5 ml.) from the side arm was 
tipped into the reaction vessel. The rate of carbon dioxide evolution was 
followed for 100 minutes. Duplicate or triplicate determinations were 
made on each penicillin in comparison with benzylpenicillin. 

The rates of CO, evolution varied considerably from one run to another, 
presumably reflecting differences in enzyme concentration. However, the 
ratio of the rates of reaction of an experimental penicillin to that of benzyl- 


? Penicillinase A, furnished by the courtesy of Dr. George E. Ward of the Schenley 
Laboratories, Inc., Lawrenceburg, Indiana. 
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penicillin (4 ratio) was reproducible to +6 per cent in all but one case. 
The k ratio varied from 0.79 for cyclopentylmethylpenicillin to 1.40 for 
phenoxymethylpenicillin (cf. Table I). Thus, though the biosynthetic 
penicillins reacted with penicillinase at significantly different rates, the 
differences were not great enough to be of therapeutic importance. 

Effect of Some Biosynthetic Penicillins on Benzylpenicillin-Resistant 
Staphylococcus aureus—A strain resistant to 200 units per ml. of benzyl- 
penicillin in broth culture was developed by serial transfers of Staphy- 
lococcus aureus 209-P through broth and on agar plates containing increasing 
concentrations of penicillin. 


TABLE II 
Effectiveness of Biosynthetic Penicillins on Benzylpenicillin-Resistant Strain of 
Staphylococcus aureus 


setts sur verage relati 
Penicillin (Na salt) Purit'y Aver age relative 
7 effectiveness 


per cent 
GREET 6 os 5c sd ove teens a! 95 Ee? 
p-Bromobenzyl-. . . Oe ee Panes ree. 89 1.6 
iB ROR EEO Ys, 5: 5 3. 55015:5 + seine i vianncovaccg nian eaten aes 100 1:2 
p-Methoxybenzyl-. . sls Sie PORES een 99 1.0 
Ethylmercaptomethy1- A seca rene eer QS 1.0 
GHWT Gita. tonite 3 ea ahs ees hi. 100 1.0 
o-Fluorobenzyl-....... Sig San arerins ATES ETRENA 94 0.96 
Cyclopentylmethyl-... 5 Nance oes 96 0.62 
p-Tolylmethyl-... ey eo 96 0.62 
Phenylselenomethyl-. . Seite 98 0.60 
n-Propylmercaptomethyl- é mah 9S 0.54 
Isopropylmercaptomethyl- saa 97 0.47 
8-Bromoallyl-....... si se 91 0.41 
Allylmercaptomethyl- ’ 96 0.40 
Phenoxymethy]-. 90 0.35 
n-Butylmercaptomethyl- sates ose 98 0.32 
Isoamylmercaptomethyl- 4 0.26 
8-Phenoxyethylmercaptomethyl-. . teas 98 0.21 


Penicillin assays were performed by the plate method (5) with paper 
disks (6) by use of the resistant strain of Staphylococcus aureus as inoculum. 
An 0.018 m solution of benzylpenicillin (10,000 units per ml.) produced an 
18.8 mm. zone. 

Concentrations of penicillin were plotted against diameters of the corre- 
sponding zones of inhibition. The ratios of moles of benzylpenicillin and 
biosynthetic penicillins giving equal zones were determined at three or four 
points on the curve and the average ratios were calculated (cf. Table II). 

Generally, the relative activities of the new penicillins decreased as con- 
centrations increased. However, ethylmercaptomethylpenicillin and 
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p-methoxybenzylpenicillin were less effective than benzylpenicillin at lowe 
concentrations but became more effective at 0.045 m (20,000 units per ml, 
and 0.026 m (15,000 units per ml.) concentration respectively. 

The resistant organism apparently did not produce penicillinase, Fj). 
trates from nutrient broth cultures did not inactivate benzylpenicillin jn 4 
hours at room temperature. 10 mg. per cent suspensions of cells which had 
been extracted with acetone and ether did not enable a sensitive strain of 
Staphylococcus aureus to survive in increased concentrations of penicillin, 

Table II also gives figures concerning the purity of the penicillins tested, 
These values represent the ratio of the found analytical value to the caleu- 
lated analytical value for the analysis which deviated most from the theoreti- 
eal value. In the penicillins which contained a unique group that could be 
determined (7.e., OCH;, Br, Se), the ratio should be an accurate measure of 
purity. In other penicillins, for which C, N, or S determinations were 
utilized, this measure of purity is only approximate, as some possible con- 
taminating materials also may contain these elements. 

In spite of the fact that the resistance was induced by subculturing in the 
presence of benzylpenicillin, this penicillin was one of the most effective in 
preventing growth of the organism. 

No correlations could be made between the action of the new penicillins 
with penicillinase and the bacteriostatic action of the penicillins on benzyl- 
penicillin-resistant Staphylococcus aureus. 


The authors express their gratitude to Dr. J. M. McGuire for assistance 
with media and assays and to E. Brown Robbins for assistance with the 
manometric work. 


SUMMARY 


1. The rate of destruction of a number of biosynthetic penicillins by 


penicillinase has been compared with the rate of destruction of benzyl - 


penicillin. 

2. The relative effectiveness of a number of biosynthetic penicillins on a 
strain of benzylpenicillin-resistant Staphylococcus aureus has been deter- 
mined. 
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THE ROLE OF TRYPTOPHAN IN THE NUTRITION OF 
DOGS ON NICOTINIC ACID-DEFICIENT DIETS* 


By S. A. SINGAL, V. P. SYDENSTRICKER, ano JULIA M. LITTLEJOHN 


From the Departments of Biochemistry and Medicine, University of Georgia School 
of Medicine, Augusta) 


Received for publication, July 23, 1948) 


It has now been definitely established that there exists an interchange- 
ability of nicotinic acid and tryptophan in the nutrition of some animals 
on diets deficient in the vitamin and containing only suboptimal amounts 
of the amino acid (1-8). 

Because the dog has been employed as the experimental animal in the 
classical investigations on nicotinic acid deficiency, it seemed of interest to 
determine whether this same nicotinic acid-tryptophan relationship exists 
for this species. The results of these nutrition experiments, together with 
those obtained in the study of the urinary excretion of some nicotinic acid 
derivatives under these experimental conditions, are presented here. 


EXPERIMENTAL 


Twenty-two weanling, mongrel puppies, 7 to 8 weeks old, were used in 
these studies. The basal ration consisted of casein (Labco) 19, sucrose 66, 
salts (9) 4, and cottonseed oil 11 parts. All rations were fed ad libitum and 
each dog received in addition, per kilo of body weight per day, 100 y each 
of thiamine, riboflavin, and pyridoxine, 500 y of calcium pantothenate, and 
50 mg. of choline chloride. Folic acid and biotin were administered at a 
level of 30 and 20 y, respectively, per dog per day. The required amounts 
of vitamins were given in 20 per cent ethyl alcohol solutions twice weekly. 
Vitamins A and D were given once weekly in the form of halibut liver oil 
fortified with viosterol at a level of 3 drops per kilo of body weight. Sup- 
plements of casein, zein, and gelatin to the basal diet replaced an equal 
amount of sucrose. 

The 24 hour urine specimens were collected under toluene. The hydrol- 
ysis of urine was accomplished by autoclaving at 15 pounds for 15 minutes 
an aliquot of urine with an equal volume of either 2.0 N H.SO, or NaOH. 
The nicotinic acid content of the specimens and hydrolysates was deter- 
mined microbiologically by the method of Snell and Wright (10). N’- 


* Presented in part at the meetings of the Federation of American Societies for 
Experimental Biology, Chicago, 1947 (Federation Proc., 6, 422 (1947)). Acknowledg- 
ment is made of aid from the John and Mary R. Markle Foundation and the United 
States Public Health Service. Folic acid was generously contributed by the Lederle 
Laboratories Division, American Cyanamid Company. 
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Methylnicotinamide was determined by the method of Huff and Perlzwejg 
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ready developed. When one therapeutic dose of nicotinic acid was 
siven at a level of 10.0 mg. per kilo of body weight, the dogs resumed in- 
take of food within 24 hours and gained on an average 1140 gm. before 
reaching another weight plateau. This amounts to 33 gm. gain in 
weight per mg. of nicotinic acid given. 

The development of nicotinic acid deficiency in dogs on the basal diet is 
not prevented or significantly altered by the inclusion of the tryptophan- 
deficient proteins, zein or gelatin, in the diet. Two dogs receiving the 
basal ration supplemented with 21 per cent zein gained an average of 700 
gm. before reaching a growth plateau in 17 days. With a therapeutic dose 
of nicotinic acid 1140 gm. were added to the body weight, or an average of 
38 gm. per mg. of nicotinic acid administered. The two dogs on the basal 
diet supplemented with 21 per cent gelatin show similar increases in body 
weight before growth plateau. With nicotinic acid, however, the growth 
response is somewhat smaller, as is evident from the smaller value of gm. 
gained per mg. of nicotinic acid given. 

The addition of 21 per cent casein to the basal diet does not prevent the 
onset of nicotinic acid deficiency, but significantly delayed its appearance 
as judged by the much larger weight gain before the weight plateau was 
reached and the longer period of time necessary to reach the plateau. In 
two of these animals this plateau persisted for 17 and 21 days before 
drastic decline in weight occurred. The plateau of animals on the basal 
diet lasted from 3 to 12 days. The response to nicotinic acid is also larger 
than that observed on the other diets. In the third animal, after a gain 
of 1450 gm., the growth plateau persisted for 30 days. Nicotinie acid 
was given when there was no indication of drastic weight loss. At first 
the animal gained weight steadily and during the next 60 days growth 
was erratic, but there was no significant tendency for the animal to reach 
a weight plateau. 

With supplementary L-tryptophan at a level of 0.5 per cent, one dog 
(Fig. 1, Dog 2) received complete protection against the onset of nicotinic 
acid deficiency for an experimental period of 60 days. This animal grew 
at a rate comparable to that of animals receiving nicotinic acid at a level 
of 500 y per kilo of body weight per day in addition to the basal diet. In- 
asmuch as a casein supplement of 21 per cent to the basal diet did not afford 
protection, the supplement was increased to 42 per cent, at which level the 
tryptophan content of the entire diet was equivalent to that of the basal 
diet supplemented with 0.5 per cent L-tryptophan.! This high level of 
protein in the diet afforded complete protection to two dogs for periods of 
74 and 100 days, the length of the experimental periods (Fig. 1, Dog 12). 
In these periods the dogs gained 8.1 and 9.0 kilos in body weight. 


The tryptophan content of casein was taken as 1.2 per cent (12). 
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Inasmuch as further experiments with L-tryptophan were inadvisable 
because of the cost of the natural amino acid, pL-tryptophan was employed 
in the remaining experiments of the study. As with thet form, the racemic 
amino acid at a level of 0.5 per cent prevents the occurrence of nicotinic 
acid deficiency in the dog (Fig. 1, Dog 8). Levels of 0.3, 0.2, and 0.1 per 
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Fia. 1. The growth of dogs on variousdiets. ©, Dog2 9, basal diet + 0.5 per cent 
L-tryptophan; @, Dog 8 <7, basal + 0.5 per cent pi-tryptophan; A, Dog 15 @, basal 
+ 0.3 per cent pi-tryptophan; 0 , Dog 14 2, basal + 0.2 per cent pr-tryptophan 
X, Dog 13 &, basal + 0.1 per cent pL-tryptophan; A, Dog 12 9 , basal + 42 per cent 
cascin; ™@ Dog 4 7, basal + 500 y of nicotinic acid per kilo of body weight daily 
The lower right-hand curve represents Dog 3 9, basal diet; 33 mg. of nicotinic acid 
given at A, C, and E; 3.96 and 5.66 gm. of L-tryptophan at B and D, respectively. 


cent were then fed to determine the minimal protective level. It is appar- 
ent that this minimum must be less than 0.1 per cent, since dogs at this 
level are fully protected (Fig. 1, Dog 13). After a gain in body weight 0 
6.3 kilos distemper appeared in one dog and the experiment was terminated. 
It is, however, apparent that 0.1 per cent pi-tryptophan affords protective 
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action. It is of interest to note that, although the basal diet supplemented 
with 21 per cent casein containing a total of 0.48 per cent tryptophan! is 
ineffective in preventing nicotinic acid deficiency, the basal diet supple- 
mented with 0.1 per cent DL-tryptophan containing a total of 0.28 per cent 
tryptophan’ is effective in this respect. One must assume, therefore, under 
these experimental conditions that supplementary tryptophan must be 
metabolized in a manner different from tryptophan present as an integral 
part of the protein molecule. It also appears unlikely that tryptophan 
present in the protein molecule with other amino acids is more readily 
utilized for the synthesis of tissue protein, a process which would remove it 
as a source of nicotinic acid synthesis. The protein requirement of the 
dog is met by a level of 19 per cent casein, because supplementary nicotinic 
acid promotes normal growth under these conditions (Fig. 1, Dog 4). This 
leaves unaccounted for the metabolic route of the protein tryptophan in 
the 21 per cent casein supplement. One might consider that the free 
amino acid is more rapidly absorbed than protein tryptophan because of 
the delay necessitated by the hydrolytic process in the gastrointestinal 
tract and thereby metabolized in the absence of large amounts of other 
amino acids present in the protein. In this respect it would be of interest 
to compare the protective action of supplementary casein with that of an 
enzyme hydrolysate of casein. 

At the present time there is not sufficient evidence to account for the 
protective action of high levels of supplementary casein (42 per cent). It 
is certainly not related to the nicotinic acid content of the protein per se. 
By microbiological assay a casein hydrolysate prepared with trypsin con- 
tains only 0.17 y of nicotinic acid per gm. of casein. The two dogs, each 
consuming an average of 300 gm. of diet daily, would obtain only 31 y of 
nicotinic acid in this manner. With an initial body weight of 3.0 kilos, 
the intake would be only 10 y per kilo of body weight. This is less than 
one-twentieth of the minimal requirement (13). 

In view of the fact that L- and pL-tryptophan had protective action at 
the levels fed in these experiments, it was of interest to determine the cura- 
tive potency of the p and 1 forms in terms of nicotinic acid. This was 
performed by comparing the growth-promoting effect of a single dose of 
the L- and pi-amino acid in nicotinic acid-deficient dogs, which had been 
standardized with known amounts of nicotinic acid (13). The procedure 
was altered in that the assay of the amino acid was preceded and followed 
by a standardization response to nicotinic acid. An example of this assay 
isshown in Fig.1. The results of these experiments are presented in Table 

* The calculation includes the tryptophan content of the casein of the basal diet 


and in addition one-half of the supplementary pL-tryptophan, as only the tL form is 
utilized for nicotinic acid synthesis (see Table IT). 
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II. It is apparent that only the natural form is utilized for nicotinic 


acid 
synthesis. The curative effect of L-tryptophan failed in three assays, J; 


y 


one the administration of nicotinic acid promptly stopped the drastic 
weight loss and a growth response was then obtained which was in excess 
of that expected from nicotinic acid alone. In the other two animals 
amounts of nicotinic acid as high as 500 mg. failed to check the rapid de. 
cline. In one of these nasal hemorrhage was observed. The administr. 
tion of 500 mg. of ascorbic acid and 2.0 mg. of 2-methyl-1, t-naphthoqui- 
none intramuscularly was without effect and the two animals died jn ay 
extremely emaciated condition 9 days later. 


TABLE II 
Nicotinic Acid Equivalence of L- and pi-Tryptophan* 


Values in mg. per gm. of amino acid. 


Dog. No. L-Tryptophan DL-Tryptophan 

3 5.6 Plateaut 
6.1 3.0 

5 6.1 Plateau 

7 9.0 

9 10.0 
8.1 5.1 

1] Cod 

16 8.2 EY | 


* Tryptophan was administered at a level of 1200 mg. per kilo of body weight 
in two portions during a 24 to 48 hour period. To prevent vomiting of the supple 
ment, the amino acid was ground with an equal weight of sucrose and given either 
in gelatin capsules or as a paste. 

+ The term plateau indicates that the drastic weight loss ceased and that t! 
body weight was maintained for at least 7 days. 


Nicotinic Acid Excretion Studies 


In the rat the administration of tryptophan is followed by the urinay 
excretion of relatively large amounts of nicotinic acid derivatives (14-18 
In Table III are given the results obtained in the dog. Change of diet 
from commercial dog food to the synthetic diet is reflected in a rapid fal 
in the excretion of the nicotinic acid derivatives measured. This is les 
marked in the nicotinic acid values obtained after acid hydrolysis. I 
fact, by the 2nd day complete recovery has been obtained. Thereaitet 
the values rise steadily to rather large levels. By contrast nicotinic atid 
values obtained in untreated or alkaline-hydrolyzed urine after the initia 
drop regain only a third of their original values. Since nicotinic acid aul 
its amide have equal activities for the assay organism, Lactobacillus ard 
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nosus, and nicotinuric acid does not require preliminary hydrolysis to show 
the same activity as its theoretical equivalent of nicotinic acid (10), it 
appears that after the administration of tryptophan to dogs, as in rats (15), 
there is excreted a nicotinic acid precursor which is converted to nicotinic 
acid by acid hydrolysis. This substance makes up the major portion of the 
total nicotinic acid derivatives excreted. By comparison N'-methylnico- 
tinamide, which is the major excretory substance in animals on a commer- 
cial animal ration, is only temporarily excreted in large amounts in dogs 
on synthetic diets containing tryptophan (days 3 to 8). Following this 
period the values are not in excess of those found in dogs receiving nico- 


TaB_e III 
Urinary Excretion of Nicotinic Acid Derivatives in Dog Receiving Basal Diet Supple- 
mented with 0.6 Per Cent u-Tryptophan 
icotinic acid N'!-Methyl- 


Days on diet nicotinamide 


No hydrolysis Acid hydrolysis Alkaline hydrolysis 
Y 1 7 
(0* 655 720 692 2650 
1 100 414 137 1072 
2 S4 700 64 206 
3 208 1240 208 1460 
5 205 1120 200 1410 
8 302 1560 305 2710 
16 153 1848 113 S61 
25 120 1830 103 600 
3 225 2340 182 709 
10) 191 2170 191 615 
16, 192 2240 Zee 579 
56 240 2660 178 573 


* Excretion values on this day represent those of the animal on a commercial ani- 


mal ration. Thereafter, the experimental diet was instituted 


tinic acid (Table IV). In the rat tryptophan stimulates the excretion of 
relatively large amounts of nicotinic acid, nicotinic acid precursor, and 
N'-methylnicotinamide, whereas in the dog only the excretion of the acid- 
hydrolyzable nicotinic acid precursor is marked. The pattern of excretion 
of nicotinic acid derivatives is markedly altered in dogs when the commer- 
cial ration is replaced by the basal diet supplemented with nicotinic acid 
(Table IV). In the former the excretion of nicotinic acid is the same re- 
gardless of the treatment of the urine, indicating that the substances 
excreted resemble the simple derivatives, nicotinic acid, nicotinamide, or 
nicotinuric acid. N'-Methylnicotinamide accounts for 87 per cent of the 
total nicotinic acid derivatives excreted. By comparison, on the synthetic 
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diet the values of nicotinic acid excretion are dependent on the treatmeny 
of urine before assay. Similar values are obtained in untreated or alkaline. 
hydrolyzed urine. With acid treatment the apparent nicotinic acid jg 
increased by as much as a 3-fold factor. This difference may indicate that 
the dog on the synthetic ration excretes small amounts of the acid-hydro. 
lyzable precursor encountered in animals receiving tryptophan.’ The 
excretion of N!-methylnicotinamide is also markedly reduced in the change 
of ration. The 6-pyridone of N'-methylnicotinamide (19, 20) may aly 
play an important role in excretion of nicotinic acid derivatives in the dog 
It has recently been reported that this substance is the major pathway af 


TABLE IV 
Urinary Excretion of Nicotinic Acid Derivatives in Dog Receiving Basal Diet andj 
Mq. of Nicotinic Acid per Kilo of Body Weight per Day 


Nicotinic acid ; : 
Days on diet a cea . ——— ie 
No hydrolysis Acid hydrolysis Alkaline hydrolysis “ 


v v | 7 
| og 588 573 513 3880 
I 394 470 338 1530 
2 88 224 75 234 
3 100 220 SO 233 
5 114 275 88 350 
8 114 326 93 34] 
16 142 324 121 $12 
25 118 330 Sl 12 
31 201 375 213 505 
40 155 344 121 569 
50 193 400 152 502 
61 210 470 185 613 
* Excretion values on this day represent those of the animal on a commercial 


animal ration. Thereafter, the experimental diet was instituted. 


excretion of dietary nicotinic acid in the human (21). Similarly, it may 
account for the major fraction of methylated derivatives of nicotinic acid 
in dogs receiving tryptophan or nicotinic acid. 

The excretion of nicotinic acid derivatives in a dog on a high casein die 
is shown in Table V. The protective action of this diet is apparently 
related to the synthesis of nicotinic acid as judged by the increased exctt: 


’ The nature of the nicotinic acid fraction in the rat is similarly affected by the 
replacement of commercial animal ration with a synthetic diet. On the former, 1s 
excrete nicotinic acid, the value of which is the same regardless whether the urine bas 
been hydrolyzed with acid or alkali or left untreated before assay. Upon change" 
the synthetic diet, the urinary nicotinic acid is always somewhat greater in acl 
hydrolyzed specimens. 
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TABLE V 
Urinary Excretion of Nicotinic Acid Derivatives in Dog Receiving Basal Diet Supple- 
mented with 42 Per Cent Casein 


Nicotinic acid 


P NUMethyl- 
Days on diet area eo nicotinamide 
No hydrolysis Acid hydrolysis | Alkaline hydrolysis 
mG ¥ 1 Y 

0* 598 630 610 2700 

1 102 585 107 1100 

2 161 | 962 177 649 

3 181 S46 180 1422 

5 210 | 1039 207 1666 

8 167 SSO 189 1166 

25 255 | 763 261 | 1607 


27 244 807 240 | 2431 
* Excretion values on this day represent those of the animal on a commercial 
animal ration. Thereafter, the experimental diet was instituted. 





Tasie VI 
Effect of u-Tryptophan and Nicotinic Acid on Urinary Excretion of Nicotinic Acid 
Derivatives in Dog with Blacktongue (Dog 9) 


Nicotinic acid 


Days on diet | | siooelenele 
No hydrolysis Acid hydrolysis Alkaline hydrolysis | 
¥ ef Y | a 
Or 140 366 108 52 
It S4 472 66 186 
2 72 890 156 | 1150 
3 134 950 107 1080 
4 136 452 112 | 469 
5 110 356 SI | 482 
6 95 305 70 96 
7 107 250 90 104 
8 112 278 88 91 
0* 108 228 91 | 107 
lt 4210 4220 4400 | 3630 
2 119 209 112 | 656 
3 140 270 127 566 
4 98 161 S4 140 
5 153 290 131 391 





a s . . . : ow . 
Excretion values on these days represent those of the animal in a nicotinic acid- 
deficient state. 
+ 2.0 gm. of L-tryptophan were given in a capsule. 
oan aR ip ' : ; 
+ 35 mg. of nicotinic acid were given ina capsule. 


iacoiiss 
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tion of the acid-labile precursor and N!-methylnicotinamide. The appear. 
ance of the latter in amounts greater than that found either in dogs on the 
basal diet supplemented with nicotinic acid (Table IV) or in the over-alj 
excretion period in dogs receiving tryptophan will require further study for 
explanation. 

In the nicotinic acid-deficient dog relatively large amounts of tryptophan 
can stimulate the increased excretion of the acid-hydrolyzable precursoy 
of nicotinic acid and N!-methylnicotinamide (Table VI). In six studies 
four animals have shown these increased values. The failure of 


f the other 
two has been interpreted as retention of the nicotinic acid synthesized from 
tryptophan. It would be well also to consider the efficiency of this gyn. 
thesis in the deficient animal. When receiving therapeutic amounts of 
nicotinic acid, the deficient dog excretes only 23 per cent of the administered 
dose as nicotinic acid and N?-methylnicotinamide. The nicotinic aeid 
precursor does not appear to be excreted in significant amounts after the 
administration of nicotinic acid as judged by the similar values of nicotinie 
acid excretion obtained in untreated and acid- and alkaline-hydrolyzed 
urine. This may imply that the precursor represents an intermediate in 
the synthesis of nicotinic acid and not a mechanism to remove a surplus 
of the vitamin in the body. Its excretion in dogs receiving tryptophan 
would indicate that its conversion to nicotinic acid is at a lower rate than 
the methylation of the nicotinic acid to N!-methylnicotinamide or mor 
likely the 6-pyridone derivative. 


DISCUSSION 


The interchangeable réle of nicotinic acid and tryptophan has already 
been demonstrated in the nutrition of the rat (1, 2, 5-7), mouse (4), chick 
(3), and pig (8, 22). Our results indicate that this relationship also exists 
for the dog. Urinary excretion studies lend support to the role of trypte 
phan as the biological precursor of nicotinic acid (7, 14-18). 

The level of casein in the diet necessary to abolish the requirement fot 
nicotinic acid varies from 20 to 25 per cent for the rat (7, 23) and the pig 
(8, 22) to a value in excess of 40 per cent for the dog as reported here. I 
these latter results are applicable to human nutrition, some question 
obviously raised as to the relative importance of protein and dietary nice- 
tinic acid in meeting the nicotinic acid requirement. It would appeal! 
rather unlikely that this level of protein is within the average dietary ev 
perience (24). This would emphasize the importance of nicotinic acid 
diets of moderate protein content in which the protein is derived to a large 
extent from animal sources (24). These foods contain large amounts 0 
the vitamin (25). 


Rather large quantities of milk have been successful in the treatment 0 


pell 
teil 
In | 
gro’ 
Ext 
has 
con’ 
cedi 
T 
logi 
food 
hum 
nico 
side 
the: 
cont 
cont 
abse 


TI 
of di 
defic 
tinic 
was 
Su 
previ 
tecti 
cient 
grow 
expel 
Th 
mine 
with 
that 
Th 
been 
of an 
been 
is onl 
ratior 


“U; 





ar 
‘he 
al] 
for 


the 
init 
ned 
é In 
plus 
han 
than 
nore 


eady 
hick 
‘xists 
ypto- 


it for 
e pig 
>», If 
ion 1s 
Nico- 
ppeat 
ry et 
eid 1D 
, large 


nts o 


if nt 0 


SINGAL, SYDENSTRICKER, AND LITTLEJOHN LOGL 


pellagra (26). In the rat its beneficial action has been ascribed to its pro- 
tein content, since the amount of nicotinic acid present is very low (2). 
In our own studies 5 ml. of milk per day were ineffective in preventing 
growth retardation in rats on low protein diets supplemented with gelatin. 
Experiments with the nicotinic acid-deficient dog have indicated that milk 
has a greater beneficial action than can be ascribed to its nicotinic acid 
content as determined microbiologically (13). In our own hands this pro- 
cedure has given rather unreliable results. 

The presence of a substance in milk similar to nicotinic acid in its bio- 
logical activity should be considered in view of the fact that milk, the major 
food consumed after birth, contains little nicotinic acid. On a dry basis 
human milk contains only 10 per cent protein (27), which is insufficient for 
nicotinic acid synthesis in the rat and pig, and certainly a quantity con- 
siderably less than that required by the dog. Salmon (28) has shown that 
the nicotinic acid requirement of the rat is abolished on low protein diets 
containing 30 per cent fat. In view of the fact that on the dry basis milk 
contains 28 per cent fat, we may have here a possible explanation for the 
absence of nicotinic acid deficiency in the nursing young. 


SUMMARY 


The interchangeable role of nicotinic acid and tryptophan in the nutrition 
of dogs has been studied. At a level of 21 per cent in a nicotinic acid- 
deficient ration, gelatin, zein, or casein does not prevent the onset of nico- 
tinic acid deficiency in the dog. However, when the casein supplement 
was increased to 42 per cent, complete protection was obtained. 

Supplementary L- or DL-tryptophan at the 0.5 per cent level similarly 
prevents the occurrence of the deficiency syndrome. The minimal pro- 
tective level of pL-tryptophan is less than 0.1 per cent, as dogs on the defi- 
cient ration supplemented with 0.3, 0.2, or 0.1 per cent of the amino acid 
grow at the normal rate and are without deficiency symptoms during the 
experimental period. 

The nicotinic acid equivalence of L- and pL-tryptophan has been deter- 
mined in nicotinic acid-deficient animals, which have been standardized 
with known amounts of nicotinic acid. By this method it has been found 
that only the natural isomer is utilized for nicotinic acid synthesis. 

The urinary excretion of some nicotinic acid derivatives in the dog has 
been studied. The administration of L-tryptophan results in the excretion 
of an acid-hydrolyzable precursor of nicotinic acid, which has previously 
been reported present in the urine of rats under similar conditions. There 
is only a temporary increase in urinary N!-methylnicotinamide. Dogs on 
rations supplemented with 42 per cent casein also excrete larger amounts 


* Unpublished results 
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of the precursor and N!-methylnicotinamide than did dogs growing normally 
on the basal ration supplemented with nicotinic acid. The results of the 
excretion and nutrition studies are interpreted as indicating that the gyp. 
thesis of nicotinic acid from tryptophan does take place in this species, 
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FURTHER STUDIES ON THE EFFECT OF SOME AMINO 
ACIDS ON THE GROWTH AND NICOTINIC ACID 
STORAGE OF RATS ON LOW CASEIN DIETS* 


By 8. A. SINGAL, V. P. SYDENSTRICKER, ano JULIA M. LITTLEJOHN 


From the Departments of Biochemistry and Medicine, University of Georgia School 
of Medicine, Augusta) 


(Received for publication, July 23, 1948) 


In a previous communication from this laboratory it was shown that 
the inclusion of an amino acid mixture containing histidine, valine, thre- 
onine, and lysine in a low protein diet produced marked depression of 
growth in rats (1). The addition of either nicotinic acid or tryptophan not 
only corrected the growth retardation, but permitted normal growth, which 
was not possible in the absence of these amino acids. That lysine was not 
the amino acid responsible for the growth depression was evident from the 
fact that its omission from the amino acid mixture did not significantly 
alter the results obtained. 

In the present paper the investigation has been continued to determine 
which amino acids are growth depressants and which are required by the 
rat for normal growth on low casein diets supplemented with nicotinic 
acid or tryptophan. Data are presented which indicate that threonine is 
the amino acid effective in both categories. 


EXPERIMENTAL 


Wistar strain rats, 22 days old, were used in these experiments. The 
basal diet consisted of casein (Labco) 9, sucrose 82, salts (2) 4, L-cystine 
0.2, cottonseed oil 3, and cod liver oil 2 parts. Vitamins were incorporated 
in 100 gm. of diet at the following levels: thiamine 1.0 mg., riboflavin 1.0 
mg., pyridoxine 1.0 mg., calcium pantothenate 2.0 mg., choline chloride 
200 mg., 2-methyl-1 ,4-naphthoquinone 0.5 mg., inositol 10 mg., biotin 0.02 
mg., and folic acid 0.2 mg. a-Tocopherol was administered at a level of 
1.0 mg. per rat per week. Supplements of amino acids replaced an equal 
amount of sucrose in the diet. At first they were incorporated in the diet 
as pairs and later their effects were studied individually. 

The nicotinic acid content of muscle and liver was determined micro- 
biologically (3) on tissue extracts prepared by autolysis aided by taka- 
diastase and papain (4). 


* Acknowledgment is made of aid from the John and Mary R. Markle Foundation 
and the United States Public Health Service. Folic acid and biotin were generously 
contributed by the Lederle Laboratories Division, American Cyanamid Company, 
and Merck and Company, Inc., respectively. 
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From the results in Table I it is evident that growth on the basal ration 
can be improved to a limited, yet reproducible, extent by the addition of 
either nicotinic acid or tryptophan. This is reflected in an increased nije. 
tinic acid content of muscle and liver, although the amino acid is much moy 
effective in this respect. Under these experimental conditions it is possible 
to maintain nicotinic acid storage that is near normal with supplementary 
tryptophan in spite of suboptimal growth (Diets 3 to 5). | 

When threonine and valine are added to the basal ration, there is oh. 
served a marked growth depression, which is not reflected in a concomitan 
decrease in nicotinic acid storage (Diet 6). On the contrary, values are 
obtained which are usually in excess of those found for rats on the basal 
diet alone. This may be explained on the basis of a decreased demand on 
the nicotinic acid stores of the rats on threonine-containing diets, becaus 
of the small amount of new tissue laid down. Supplementary nicotinie 
acid or tryptophan not only corrects the inhibition, but permits normal 
growth, which is not possible in the absence of these amino acids (Diets 7 
and 8). Liver nicotinic acid is nearly normal in animals receiving dietary 
nicotinic acid, whereas there is no considerable change in muscle storage. 
The inability of dietary nicotinic acid to raise substantially muscle storage 
toward normal has been observed in all threonine-containing diets (Nos 
7, 13, and 16), in spite of reasonably good growth. With supplementary 
tryptophan muscle nicotinic acid is in the normal range. Liver storage is 
considerably above normal, a finding previously reported (1). Perhaps 
this indicates an accumulation in the liver of either nicotinic acid or inter- 
mediates in the synthesis of nicotinic acid from tryptophan, which can 
replace the nicotinic acid requirement of the test organism, Lactobacillu 
arabinosus, employed in the microbiological assays. Apparently not 

involved is the acid-hydrolyzable derivative of nicotinic acid previously 
reported present in the urine of rats receiving tryptophan (1, 5). 

The amino acid pair containing valine and histidine, when added to the 
basal ration, does not significantly alter either the growth or nicotinic acid 
storage of rats on the basal ration alone (Diet 9). Supplementary nicotini 
acid or tryptophan produces the same effects with this diet as with th 
basal diet alone (Diets 10 and 11). 

With threonine and histidine there is obtained a growth inhibition whieh 
resembles that observed in animals on the diet containing threonine ani 

raline (Diet 12). A supplement of nicotinic acid or tryptophan also pro: 
duces similar effects in regard to growth and nicotinic acid storage (Diets 
13 and 14). In consideration of the results obtained with diets containilg 
pairs of amino acids, it is apparent that growth inhibition is observed only 
when threonine is one member of the pair. In addition the basal ratio 
contains only suboptimal amounts of this amino acid, because when it § 
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added to the ration, either nicotinic acid or tryptophan can stimulate 
optimal growth. 


TABLeE I 


Growth and Muscle and Liver Nicotinic Acid of Rats on Various Diets 


Met Die >| 
> Muscle Liver 
gm. y per gm. y per gm. 
1 7; Stock | 25 (22-29)t| 74 (61-85)f; 159 (132-185)f 
2 7| 20% casein 25 (21-33) | 78 (70-85) | 186 (167-206) 
3 | 11) Basal | 9 (8-12) | 38 (28-52) | 86 (57-114) 
4/11) “ +2.0mg. %nicotinic acid | 13 (10-16) | 73 (64-90) | 111 (63-165) 
5/11) “* +02 % L-tryptophan 114 (917) | 79 (65-94) | 150 (70-227) 
6 8 ‘“ + threonine + valine 2 (0 3) | 46 (3464) 37 (64-217) 
7 | 8 Diet6+2.0mg. % nicotinic acid | 22 (18-27) | 50 (44-59) , 152 (150-166) 
8) § “* 6+ 0.2 % L-tryptophan 24 (21-28) | 77 (61-87) | 228 (171-303) 
9 | § Basal + valine + histidine 10 (8-12) | 37 (30-48) | 90 (43-110) 
10 | §& Diet9+2.0mg.% nicotinic acid | 14 (11-15) | 68 (56-80) | 109 (67-138) 
| 8 “* 9+ 0.2 % L-tryptophan | 13 (10-17) | 80 (63-92) | 144 (77-208) 
12 | 8 Basal + threonine + histidine 2 (1- 3) | 45 (28-74) | 125 (77-164) 
13 | § Diet 12 + 2.0 mg. % nicotinic | 19 (15-25) | 53 (47-61) | 146 (111-164) 
acid | 
14 | 8 Diet 12 + 0.2 % L-tryptophan | 23 (20-25) | 86 (77-95) | 222 (190-254) 
15 | 9) Basal + threonine | 3 (O 6) | 41 (23-67) | 131 (93-200) 
16 | 9} Diet 15 + 2.0 mg.% nicotinic | 19 (16-24) | 45 (30-58) 141 (106-186) 
| | acid 
17 | 9| Diet 15 + 0.2 % i-tryptophan | 22 (19-27) | 70 (56-85) | 229 (179-281) 
18 8 Basal + valine | 9 (8-12) | 42 (26-63) | 82 (61-109) 
19 | § Diet 18 + 2.0 mg. % nicotinie | 13 (10-15) | 64 (44-81) 99 (59-122) 
| acid 
20 | 8 Diet 18+0.2%.-tryptophan | 9 (911) | 78 (60-88) | 127 (83-195) 
21 | 8 Basal + histidine | 9 (810) 40 (31-60) | 84 (58-131) 
22 | §8| Diet 21 + 2.0 mg. % nicotinic | 12 (915) | 62 (54-70) | 96 (88-107) 
| acid 
23 | 8 Diet 21+ 0.2% .-tryptophan | 12 (8-16) | 79 (65-92) | 141 (88-178) 
24-5; Basal + phenylalanine | 9 (7-11) | 41 (34-45) | 84 (73- 90) 
25 | 5) Diet 24 + 2.0 mg. % nicotinie | 12 (8-14) | 63 (50-71) | 101 (71-123) 
acid 


2 «5 ~ Diet 24 + 0.2 % L-tryptophan 12 (8-14) | 80 (64-90) | 138 (116-184) 


* The stock ration consists of commercial animal food supplemented liberally with 
milk, lettuce, and carrots. The levels of supplementary amino acids are pL-threo- 
nine 0.4 per cent, pi-valine 0.3 per cent, L-histidine monohydrochloride 0.25 per 
cent, and pL-phenylalanine 0.25 per cent. 

t The values in parentheses represent the range. 


The effects of the individual amino acids were then studied to determine 
whether the presence of either valine or histidine was required for the 











1066 GROWTH AND NICOTINIC ACID STORAGE 


activity of threonine. It is evident that the growth-depressing action of 
the amino acid mixture is entirely confined to threonine. Valine and 
histidine are without effect individually, as they are when included together 
in the basal ration (Diets 18 to 23). It is difficult to explain the inability 
of tryptophan to produce in the presence of valine the limited growth 
response observable on the basal ration plus tryptophan (compare Diets 
20 and 5). With supplementary nicotinic acid or tryptophan, threonine 
alone is required for reasonably good growth (Diets 16 and 17). It is of 
interest to note that at the level fed nicotinic acid is a little less effective 
than tryptophan. When the requirement of tryptophan is divided between 
that necessary for protein synthesis and that needed for nicotinic aeid 
synthesis, it may well be that the amount of the amino acid present in the 
basal ration alone is not quite sufficient for the former process when nico- 
tinic acid and threonine are included in the ration. When nicotinic acid 
is replaced by tryptophan, this requirement is easily met. At smaller 
growth rates, in which protein synthesis is already limited by the amount 
of threonine present in the basal ration, these differences disappear. 


DISCUSSION 


Krehl e¢ al. (5, 6) first observed growth retardation in rats on low protein 
diets containing large amounts of corn. The addition of either tryptophan 
or nicotinic acid corrected the deficiency and permitted normal growth to 
proceed. Briggs extended this observation to the chick and further demon- 
strated that a similar depression could be obtained by the addition of gela- 
tin to a purified diet (7, 8). In this work the inhibitory effect was not 
noted when gelatin was replaced by arginine and glycine. Later work 
from this laboratory indicated that the two amino acids were growth 
inhibitory under somewhat altered conditions (9). The addition of alanine 
furthered the depressant effect. The feeding of an amino acid mixture, 
simulating the relative occurrences of some amino acids in gelatin, produced 
an inhibition observed with the protein itself. The omission of arginine 
and glycine from the mixture permitted good growth. In more recent 
results Anderson and Briggs observed that the inhibitory effect of some 
seventeen amino acids varied from the rather deleterious effect of methi- 
onine to a 20 per cent inhibition by valine (10). 

In extension of their original observations the University of Wisconsil 
workers have found that it was not necessary to postulate a specific pellagra- 
genic agent in corn for the rat, at least, because the deficiency syndrome 
could be duplicated with non-corn rations by the addition of tryptophat- 
deficient proteins, such as zein or gelatin, or acid-hydrolyzed proteins tos 
nicotinic acid-deficient diet low in tryptophan (11). Of a number of amino 
acids tested for growth inhibition, glycine was particularly effective (12) 
Supplementary nicotinic acid removed the inhibition, but normal growth 











n of 
and 
ther 
lity 
wth 
iets 
nine 
S of 
tive 
yeen 
acid 
the 
1C0- 
acid 
aller 
unt 


tein 
yhan 
h to 
non- 
rela- 
not 
vork 
wth- 
nine 
ture, 
uced 
inine 
cent 
some 
et hi- 


onsil 
agra: 
rome 
yhan- 
3 t08 
mino 

(12). 
owth 








SINGAL, SYDENSTRICKER, AND LITTLEJOHN 1067 


was not obtained. The deleterious effect of acid-hydrolyzed casein could 
be reproduced with a mixture of amino acids made to simulate the hydrol- 
ysate. That this inhbition was not due to glycine and alanine per se 
was evident from the fact that their omission from the mixture did not pre- 
vent growth inhibition (13). 

Beginning with the suggestion that the usual 9 per cent casein diet is 
deficient in a number of amino acids (14), the present authors observed 
that the addition of a mixture of amino acids containing lysine, valine, 
threonine, and histidine to a low protein diet produced marked growth 
retardation in rats (1). Supplementary nicotinic acid or tryptophan not 
only corrected the deficiency, but also produced good growth, which was 
not possible in the absence of these amino acids. The omission of lysine 
from the mixture did not significantly alter the data. The results of the 
present report indicate that of the remaining members of the mixture 
valine and histidine do not alter growth significantly. Threonine alone is 
responsible for the growth inhibition by the mixture. Furthermore, it is 
revealed that this amino acid is the limiting factor for growth on the low 
casein diet. Recently, this latter observation has also been made by 
Griffith (15). 

Salmon (16) in his studies has stated that the primary deficiency on low 
easein diets was that of labile methyl groups and, secondly, nicotinic acid. 
Only after the requirement of the vitamin was satisfied, could a deficiency of 
sulfur amino acid be demonstrated. Under our conditions, in which the 
basal low protein diet is already supplemented with choline and cystine, 
the growth-promoting action of nicotinic acid is limited only by the sub- 
optimal amounts of threonine in the basal ration. 

Niven el al. (17) have observed marked growth retardation in rats re- 
ceiving phenylalanine and tyrosine. The addition of relatively large 
amounts of nicotinic acid or tryptophan corrected only in part the defi- 
ciency syndrome. Our results indicate that at a 0.25 per cent level phenyl- 
alanine does not have inhibitory action, nor can it promote good growth 
With supplementary nicotinic acid or tryptophan (Diets 24 and 25). 

The nature of the growth-depressing action of threonine is obscure. 
Whether it represents a specific antagonism between nicotinic acid and 
the amino acid, or the result of the resolution of a multiple deficiency into 
one involving a single essential substance, is at present unknown. In 
regard to the former, one may consider the curious antagonism between 
threonine and muscle nicotinic acid as reported here. 


SUMMARY 


It was originally observed that an amino acid mixture containing lysine, 
valine, threonine, and histidine produced in rats on a low casein ration a 
growth retardation which was prevented by either supplementary nico- 
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tinic acid or tryptophan. The omission of lysine from the mixture did no 
significantly alter the results. Of the remaining components of the mir. 
ture, histidine and valine are without effect on growth. Threonine alone 
produces the growth retardation originally observed with the amino acid 
mixture. Supplementary nicotinic acid or tryptophan not only corrects 
the inhibition, but permits good growth, which is not possible in the gb. 
sence of threonine. 

The inhibition by threonine is not accompanied by a decrease in the 
storage of nicotinic acid in the liver or muscle. The values are usually jp 
excess of those found on the basal diet alone. With nicotinic acid or tryp- 
tophan the vitamin storage in the liver is increased to a nearly normal level 
for the former and to a value considerably in excess of the normal for the 
latter supplement. 


The authors are grateful to Mr. Horace Hayes for the care of animals 
employed in this investigation. 
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With the demonstration that nicotinic acid was a dietary essential for 
the dog (1), pig (2), monkey (3), chick (4), and man (5-9), it was rap- 
idly shown that the nicotinic acid or pyridine nucleotide content of some 
tissues is markedly decreased in the deficient animal. Of the tissues 
studied only voluntary muscle and liver have shown subnormal values 
in the dog (10-14), pig (14), and chick (15). In pellagra the coenzyme 
content of muscle decreases as the deficiency progresses (16). Normal 
values are obtained for erythrocytes (13, 16, 17). 

Prior to 1945 no specific disease due to nicotinic acid deficiency was 
demonstrable in the rat. There was evidence, however, that the rat could 
synthesize a sufficient amount of the vitamin for growth (18-20). In 
1945 Krehl et al. (21, 22) observed in rats on low casein diets containing 
corn a growth retardation, which was prevented by either nicotinic acid 
or tryptophan. It seemed desirable, therefore, to compare the effects of 
nicotinic acid deficiency in the rat on the tissue content of this vitamin 
with those reported for other species. The results of this investigation 
are reported here. 


EXPERIMENTAL 


Wistar strain rats, 21 to 24 days old, were used in these experiments. 
The synthetic diet consisted of casein (Labco) 15, sucrose 76, cottonseed 
oil 3, salts (23) 4, cystine 0.5, and cod liver oil 2 parts. Vitamins were 
incorporated in 100 gm. of diet at the following levels: thiamine 2.0 mg., 
riboflavin 2.0 mg., pyridoxine 2.0 mg., calcium pantothenate 4.0 mg., and 
choline chloride 1.0 gm. The basal ration was prepared by mixing 60 parts 
of the above diet with 40 parts of corn grits. 

Tissue specimens were prepared for analysis by autoclaving the finely 
ground material with 1.0 n H»SO, for 30 minutes at 15 pounds. The hot 
extracts were neutralized to pH 4.5 with brom-cresol green as indicator, 


* Acknowledgment is made of aid from the John and Mary R. Markle Foundation, 
and the United States Public Health Service. Crystalline vitamins and pi-trypto- 
phan were generously contributed by Merck and Company, Inc., and Winthrop- 
Stearns, Inc., respectively. 
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cooled to room temperature, filtered, and neutralized to pH 6.8 with brom. 
thymol blue as indicator. 1.0 ml. of blood obtained by cardiac puncture 
was laked with 50 ml. of distilled water and autoclaved with 5.0 ml. of 29 
N H.SO,. From this point the preparation followed the procedure em. 
ployed for the solid tissues. The nicotinic acid content of the extracts wag 
determined microbiologically by the method of Snell and Wright (24), 


TaBLeE [| 
Nicotinic Acid Content of Tissues of Rats on Corn Rations 
Nicotinic acid content expressed as micrograms per gm. of wet tissue or micrograms 
per ml. of blood. Values in parentheses represent the range. 
Diet 1, stock ration; Diet 2, basal; Diet 3, basal + 100 y of nicotinic acid per 
rat daily; Diet 4, basal + 0.5 per cent L-tryptophan; Diet 5, basal + 200 y of Ni. 
methylnicotinamide per rat daily. 


Diet 1, Diet 2, Diet 3, Diet 4, Diet 5. 
7 rats 12 rats 13 rats 11 rats 12 rats 
Weight +190 +26 +180 +192 4.39 
change, gm.) (155-220) (2-77 ) (133-218 ) (154-213) (8-72) 
Brain 47 30 48 50 
(41-50) (20-35 (40-54 ) (37-55 ) 
Heart 114 105 107 105 107 
(108-119) (83-122 ) (70-142) (90-119) (80-115 
Lung 4S 43 46 50 
(42-52) (37-45) (42-52) (43-55 ) 
Spleen 58 57 61 63 
(55-67 ) (43-64) (55-70) (55-73) 
Muscle 78 45 77 Sl {() 
(73-84) (16-60) (55-97 ) (70-92 ) (18-74 
Kidney 87 S4 101 101 S4 
(SO0-92 ) (66-104 ) (81-130) (SO-119) (61-4 
Liver 157 105 160 214 111 
(130-173) (57-136) (128-202 ) (173-334 ) (79-153 
Blood 14 12 13 14 13 
(12-18) (11-13) | (12-14) | (13-17) (11-14 


It is evident from the results in Table I that the effects of nicotinic acid 
deficiency in the rat resemble in part those observed in other species 
After 70 days on the deficient diet, there is little change in the nicotinic acid 
content of heart, lung, spleen, kidney, and blood. Only in liver, voluntary 
muscle, and brain are subnormal values found. The changes in liver and 
muscle are similar to those reported for the rat by Hundley (25) and thos 
for other species. It is surprising, however, to find a certain dependence 
of the nicotinic acid level of brain on the dietary level of the vitamin. By 
contrast, in the dog and pig (14) normal brain levels are maintained iB 
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spite of extreme deficiency. It appears that the major nicotinic acid 
stores in the rat are in the liver and muscle, when one considers not only 
the mass of tissue involved, but also its nicotinic acid content. 

The administration of nicotinic acid completely prevents the changes in 
concentration of tissue vitamin which occur in animals on the basal ration 
alone. The values obtained are in general agreement with those found in 
animals reared on a stock ration which permits normal growth and breeding 
in this laboratory. With supplementary tryptophan essentially similar 
results are found. With tryptophan regarded as a biological precursor of 
nicotinic acid (26-28), the nature of its beneficial effect in maintenance of 
normal levels of tissue nicotinic acid is obvious. One finds levels in liver 
nicotinic acid which are above normal. Values as high as 334 y per gm. 
are well outside the normal range. Similar results obtained since the 
completion of the present investigation have been reported (29) and inter- 
preted as supporting evidence of the synthesis of nicotinic acid in the 
liver. As judged by the strict maintenance of normal values in other 
tissues, one might surmise that the liver is the major site of synthesis. 

Najjar et al. (30) have reported that N'-methylnicotinamide, a major 
metabolic end-product of nicotinic acid, possesses definite antiblacktongue 
activity, both as a preventive and as a therapeutic agent. This is in 
contrast to the findings of Teply et al. (31). In the present study this 
substance is inactive in rats at a daily level of 200 y. It does not prevent 
either growth retardation or depletion of the nicotinic acid stores in the 
liver and muscle that is observed on the basal ration. It would appear 
that this species is unable to demethylate N'-methylnicotinamide to nico- 
tinic acid at a rate sufficient for good growth. In light of these results 
it is diffeult to account for the lipotropic activity of N'-methylnicotina- 
mide in rats on diets containing glycocyamine, as reported by Najjar (32). 
Iflabile methyl groups are made available in a demethylation process, 
nicotinic acid per se cannot be considered an end-product, in view of the 
fact that the methylated derivative is inactive both as a preventive and 
as a therapeutic agent! in rats on the deficient basal ration. 


DISCUSSION 


The maintenance of the normal vitamin content of certain tissues in 
animals on diets deficient in this essential has been regarded as a necessary 
condition for the preservation of certain vital functions. A decrease is 
considered incompatible with life. In this respect the rat maintains normal 
nicotinic acid levels in the heart, lung, spleen, kidney, and blood, but allows 


J , ° . e ce j ° ° . ee 
1.0 mg. of N!-methyInicotinamide was injected each day for 5 days into nicotinie 


acid-deficient rats. No alteration in the growth rate was observed during the next 
14 days. 
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depletion of vitamin stores in muscle and liver, and, to a smaller extent, jn 
brain. The depressed values must reflect a diminished capacity for meta. 
bolic functions requiring the presence of nicotinic acid as a coenzyme. 
However, the rat on inadequate diets makes a nutritional adaptation by 
reducing the food intake and thereby lessening the effects of nutritiona| 
stress. When this curtailment of food intake is prevented by forced feed. 
ing, acute deficiency states are obtained in a relatively short time without 
the complication of a generalized undernutrition. An excellent example of 


this has been reported recently by Spector in the production of trypto.. 


phan deficiency in the rat (33). 


SUMMARY 


The nicotinic acid content has been determined in some tissues of rats on 
diets containing corn, deficient in nicotinic acid. In the deficiency 
state normal values are maintained in the heart, lung, spleen, kidney, 
and blood. In the liver, muscle, and brain subnormal levels are ob- 
tained. 

With supplementary nicotinic acid or tryptophan the depletion of the 
nicotinic acid stores is prevented. In this respect the beneficial action 
of the amino acid is interpreted in the light of the biosynthesis of nicotinic 
acid. 

N'-Methylnicotinamide does not prevent either the growth retardation 
or the depletion of nicotinic acid stores in the liver and muscle that is 
observed in rats on the deficient diet. 
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THE ASSAY OF ANIMAL TISSUES FOR RESPIRATORY 
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In the development of the conditions for oxalacetate oxidation in animal 
tissues two sets of variables had to be studied. In the paper by Potter, 
LePage, and Klug (1) the homogenate was the chief variable. It was 
shown that isotonic KC] homogenates were superior to water homogenates, 
that the enzyme was stable in KCI homogenates at 0° for 6 hours or in the 
animal for 30 minutes post mortem, and that the enzyme was rapidly 
inactivated in the absence of substrate and cofactors at 38°. The present 
paper will report the results of studies in which the reaction mixture was 
varied in an attempt to define the optimum conditions for the oxidation, 
which are approximately the same as those previously used (1). The 
importance of this work lies in the fact that this reaction mixture can be 
used as a basis not only for studying the oxalacetate oxidation per se but 
also for studies on endergonic reactions which must be coupled to adenosine 
triphosphate (ATP). It must be emphasized, however, that the conditions 
described below are not necessarily the optimum for endergonic syntheses 
but are to be considered as a basis for further development of such reac- 
tions. 


EXPERIMENTAL 


Methods—Oxygen uptake was taken as a measure of enzyme activity, and 
the measurements were made in a conventional Warburg apparatus at 38°. 
In addition, it was frequently desirable to determine the rate of substrate 
disappearance and of product formation. This was done by stopping the 
reaction in appropriate flasks at various intervals by adding 2 ml. of cold 
17.5 per cent trichloroacetic acid. The precipitated proteins were then 
centrifuged in the cold, and aliquots of the supernatants were analyzed. 

The homogenates were always prepared with 9 volumes of isotonic KCl 

*This work was aided in part by a grant from the Jonathan Bowman Fund for 
Cancer Research. 
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per weight of tissue, with the precautions as to speed and cold previously 
indicated (1). Cold homogenates were added to cold reaction mixtupes 
which were then placed in the 38° bath. The final volume was always 3 
ml. Readings were taken every 10 minutes, following a 10 minute equili 
bration period. 

The analytical work herein reported involved mainly the disappearance 
of oxalacetate and the formation of citrate, although in experiments poy 
reported determinations for a-ketoglutarate, succinate, and malate wer 
carried out and these substances were shown to be formed in the few pp. 
actions examined. Oxalacetate gives the same reaction with 2,4-dinj. 
trophenylhydrazine that is given by pyruvate when the treatment with the 
reagent is continued for 20 minutes in the direct method of Friedemanp 
and Haugen (2). Interference due to a-ketoglutarate can be corrected by 
determining the optical density at two wave-lengths (480 and 580 my), 
but in most of the work this was not necessary. Since oxalacetate and 
pyruvate give the same color density, the determination of keto acid dis. 
appearance reveals the conversion of oxalacetate and pyruvate into other 
compounds and does not show any interconversion that may occur between 
the two compounds. The primary product of the oxidative reaction that 
results in oxalacetic disappearance is not known, but the formation of 
citrate would constitute strong evidence that the Krebs condensation had 
occurred. This substance was determined by the pentabromoacetone 
method as modified by Natelson et al. (3), with single extractions suggested 
by Lardy (4). The method may be further simplified by carrying out the 
reactions and extractions in open 50 ml. graduated centrifuge tubes. The 
extractions can be completed in about 1 minute by means of a high speed 
stirrer in placeof shaking. Aliquots containing 10 to 60 y of citric acid are 
suitable (3). 

Optimum Concentrations—Table I summarizes a number of experiments 
in which varying concentrations of ATP, oxalacetate, MgCl», inorganic 
phosphate, and KCl were individually tested in the presence of the opti- 
mum concentrations of all the other reactants. Homogenates of rat 
kidney and rat liver were tested and gave approximately the same optima. 
Cytochrome c was present in all the flasks at a concentration of 1.3 X 10° 
m, although the beneficial effect was very slight and the compound could 
probably be omitted for most purposes. For example, in another set of 
experiments, the omission of the cytochrome decreased the oxygen uptake 
from 125 to 118 microliters per 20 minutes in the case of kidney and from 
89 to 76 microliters in the case of liver. 

All of the experiments in Table I were carried out with K salts instead 
of Na salts. In separate experiments it was found that the use of K salts 
produced a very marked stimulation in the case of kidney, while the effect 
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in the case of liver, though slight, was still significant. Thus with kidney 
homogenate, the average of two experiments done in triplicate was 126 
microliters per 20 minutes with K salts and only 71 microliters with Na 
salts. With liver the values were 114 and 101 microliters respectively. 


TABLE I 

Optimum Conditions for Oxalacetic Oxidase System in Liver and Kidney Homogenates 

The source of enzyme was rat tissue; 0.3 ml. of kidney or 0.5 ml. of liver as a 10 per 
cent homogenate in isotonic KC] was added to each flask. The data for each com- 
pound were obtained from two or more experiments in duplicate, with freshly pre- 
pared homogenates. Thus the variation in animals is the source of the variation in 
plateau values obtained with various compounds. Each compound was studied at 
varying concentrations and all other compounds were held constant and at the opti- 
mum values. In addition to materials in the table 1.3 X 10-° Mm cytochrome ¢ was 
present in each flask. The concentration of each component selected for the stand- 
ard technique is indicated by bold-faced type. The measure of activity was arbi- 
trarily taken as the microliters of oxygen taken up in the 20 minutes following the 10 
minute equilibration period. 


ATP Oxalacetate MgCle Phosphate KCI* 


Molarity Molarity | Mol ity Molarity Molarity 
mg O2 x 108” O2 x 108, O2 x 108 O: x 102 O2 
Kidney 
0 13 0 12 0 57 0 59 0 39 
3.3 61 0.9 61 3.3 132 ‘7 100 3:3 115 
6.7 112 1.8 120 3.3 129 3.3 103 6.7 130 
10.0 124 2.7 122 5.0 129 6.7 116 10.0 132 
16.7 126 4.4 97 6.7 125 10.0 120 
16.7 120 
Liver 
0 32 0 4] 0 60 0 68 0 35 
3.3 65 0.9 58 1.7 82 ey | 74 3.3 91 
6.7 75 1.8 85 3.3 74 3.3 71 6.7 81 
10.0 80 2.7 85 5.0 80 6.7 72 13.3 60 
16.7 90 4.4 86 a | 78 10.0 75 26.7 61 
16.7 SO 


* Does not include KCl in the homogenate. 


The data in Table I were obtained with reaction mixtures of approxi- 
mately pH 7.0. Earlier work was done at about pH 7.4. The effect of 
pH on the oxygen uptake is shown in Fig. 1. The optimum pH for the 
system is not a property of any one enzyme, but represents the resultant 
of the various optima of different enzymatic components of the system. 
This fact probably explains the difference between the pH curve for liver 
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compared to kidney, in which the ratio of the various enzymes in- 
volved is considerably different. 

None of the data in Table I were obtained with mixtures that included 
DPN (diphosphopyridine nucleotide, coenzyme I). A large number of 
experiments were carried out on a series of ATP levels with and Without 
added DPN. The DPN was of high purity (about 80 per cent), obtained 
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except that the phosphate buffer was increased to 0.033 m. The data are averages of 
two experiments in duplicate. The pH values were essentially constant during the 
experimental period. 

Fic. 2. Effect of tissue concentration on rate of oxygen uptake in the oxalacetate 
system, as described in the text. 


from Dr. G. A. LePage. The experiments showed that at low levels of 
ATP DPN produced marked stimulation, but, as the level of ATP was 
increased, the effect of DPN disappeared. It appears that DPN is not 
needed per se but that it can substitute for ATP, particularly in a system 
that contains a limiting amount of ATP. These results can be interpreted 
more readily in view of the recent results of Kornberg and Lindberg (5) 
who reported that an enzyme from kidney splits DPN to adenylic acid and 
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nicotinamide ribose phosphate. Since adenylic acid can be phosphorylated 
to ATP in the reaction mixture we employ, the effect of DPN is probably 
merely to serve asa source of ATP. The new DPN-splitting enzyme is not 
inhibited by nicotinamide (5), and we have been unable to obtain any 
beneficial effects with nicotinamide in the oxalacetate system in kidney and 
liver homogenates. In contrast to the kidney enzyme the DPNase in brain 
and in tumor is inhibited by nicotinamide, and no doubt each tissue will 
have to be studied individually to determine the effect of various additions 
on the system. 

The data in Table I show that the addition of inorganic phosphate 
produces a marked stimulation and that high amounts of phosphate are 
not harmful. The higher levels of phosphate give much better buffering 
capacity, but, if changes in the phosphate concentration due to oxidative 
phosphorylation are to be studied, the experimental error becomes too 
high to permit accurate determination of small changes. The level of 
phosphate to be used is therefore a compromise between these two con- 
siderations and is generally at the high level when changes in the level are 
not being studied. The control of the pH of the reaction is one of the 
problems not fully solved. The initial addition of oxalacetate lowers the 
pH because the oxalacetic acid is only three-fourths neutralized. Large 
amounts of this oxalacetate can lower the pH to a damaging level. How- 
ever, the decarboxylation to pyruvate results in the loss of 1 acid equiva- 
lent, and causes an alkaline shift if fully neutralized oxalacetate is used. 
High levels of tissue can tolerate high levels of the oxalacetate much 
better than lower levels of tissue because of the more rapid removal of 
acid equivalents. 

An examination of the data in Table I shows that the following levels of 
reactants are satisfactory for both kidney and liver: 0.067 m KCl, 3.3 « 10°? 
mM MgClo, 3.3 X 10-* m potassium phosphate, 1.3 X 10-° m cytochrome c, 
2.7 X 10-* mu oxalacetate, and 1 X 10-?m ATP (K salt)! The first four 
components can be combined into a stock solution of which 1.5 ml. are 
added per flask. The solution is prepared by adding 1.49 gm. of KCl, 0.203 
gm. of MgCl.-6H.0, 0.136 gm. of KH:PO,, and 10 ml. of 4 X 10“ 
cytochrome c to 140 ml. of water, adjusting the pH to 7.0 with KOH, 
and making up to a final volume of 150 ml. 

In addition to the 1.5 ml. of stock solution per flask, water is added to 
make the final volume 3.0 ml., followed by 0.3 ml. of 0.01 m ATP, 0.3 ml. 
of 0.0267 m fresh oxalacetate, and 0.2 to 0.7 ml. of 10 per cent KCl homoge. 


‘A commercial sample of sodium ATP (Rohm and Haas, Philadelphia) was found 
to be unsatisfactory in this system unless given further purification designed to re- 
move traces of metallic inhibitors. The material as received yielded about 50 per 
cent activity compared with ATP prepared by Dr. G. A. LePage. 
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nate. All components were kept cold. The center wells were prepare 
before the oxalacetate addition, with 0.2 ml. of 2N NaOH and filter paper 
Table I shows that the addition of considerable amounts of extra KC) js 
without effect, and in general the variations in the amount of homogengi 
or addition of moderate amounts of extra substrates or inhibitors Were 
compensated by merely adjusting the volume of the water added. 

Proportionality—One of the requirements of an assay system is that the 
amount of oxygen uptake is proportional to the amount of tissue added. 
The conditions described above permit oxygen uptakes within the range 
of convenient manometric measurement that are proportional to the 
amount of either kidney or liver homogenate, as shown in Fig. 2. With 
higher levels of oxalacetate such data are not obtained, and the devia. 
tion is especially marked at the lower levels of tissue. The data in Fig. ? 
show a slight displacement to the right, which may be related to the oxal- 
acetate effect or may be due to traces of some metal contaminant, dl. 
though extreme precautions are taken to avoid metals. 

Nature of Reaction—It is still not possible to accept the oxygen uptake 
data as an assay of a single enzyme. It appears that the oxalacetate is 
oxidized via the Krebs cycle, and in the case of liver and kidney appreciable 
amounts of citrate are formed. If the amounts of keto acid disappearing 
are plotted against time, it is seen that there is a rapid disappearance of 
keto acid, together with a rapid rise in citrate and malate. The reaction 
‘an also be analyzed by examining the effect of varying concentrations of 
the substrate upon substrate disappearance, oxygen uptake, and citrate 
formation, as shown in Fig. 3. Six different tissues, including two types of 
tumors, were studied on this basis. The incubation time was 40 minutes 
and was chosen on the basis of the experiments referred to above. Al- 
though malate was not determined in this series of experiments, the data 
show that increasing amounts of oxalacetate result in a diminution of the 
oxygen taken up, while the amount of keto acid disappearing increases 
This indicates that with increasing amounts of oxalacetate the reduction 


? The function of the KCI appears to be mainly the regulation of the tonicity of th 
solution. A number of experiments were done with sucrose in place of KCl in viewo! 
recent studies with this compound (6). Isotonic sucrose homogenates (8.5 per cent 
sucrose) were superior to 30 per cent sucrose homogenates, although the latter appear 
to preserve the mitochondria better (6). The optimum final sucrose concentration 
was between 2.5 and 5.5 per cent. In 4.5 per cent sucrose the reaction was inde- 
pendent of KC] concentration up to 6 mg. of KCl] per ml. Apparently the require 
ment for K ion is met by the other K salts in the medium. Sucrose homogenates 
showed no advantage over KCI homogenates in the oxidation of oxalacetate, & 
though other possible advantages are not ruled out. 

’ We are indebted to Mr. B. E. Kline for supplying us with rats bearing the Flexner- 
Jobling and the Walker No. 256 transplantable tumors. 
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oxalacetate to malate assumes increasing importance and a dismutation of 
oxalacetate to malate and citrate begins to supplant the oxidative conver- 
sion of oxalacetate to citrate. These results with extremely small quanti- 
ties of rat tissue fortified with ATP are thus in harmony with the older 
data in the literature, in which minces of pigeon breast muscle were used 
by Krebs (see (7)). They are also compatible with the results of Kalnit- 
sky (8), who has used high concentrations of oxalacetate in the study of 
citrate formation. It is interesting to note that negligible quantities of 
citrate were formed by brain and heart homogenates, although keto acid 
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Fic. 3. Effect of oxalacetate concentration on oxygen uptake (O:), oxalacetate 
utilization (OAA), and citrate formation in the standard oxalacetate system but with 
0.0167 m phosphate buffer. Tumors and normal tissues from rats (50 mg. per flask). 
The labels on the curves for kidney apply to the other tissues as well. The light 
dashed line in the case of liver and kidney gives the theoretical curve for 100 per cent 
removal of oxalacetate, and applies to all of the tissues. 


disappeared and oxygen was taken up. The citrate formation in the 
charts is of course the resultant of the rates of formation and utilization. 
Thus the lack of citrate formation in the case of low levels of oxalacetate in 
kidney and liver is due to the fact that the citrate formation ceased when 
the oxalacetate was used up, and the accumulated citrate disappeared. 
The results with the tumor tissues support the earlier findings and show 
in addition that not only is the oxygen uptake very low but that the 
keto acid disappearance is very low also. 

The above results suggest that the oxygen uptake during the initial part 
of the reaction may be a measure of that portion of the Krebs cycle which 
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is most closely connected with the oxidative phase of oxalacetate remoyy): 
hence our use of the term “oxalacetic oxidase.” It is clear that the oxygey 
uptake very rapidly becomes the sum of several oxidative steps occurring 
in other parts of the cycle. Furthermore, the occurrence of alternatiy: 
metabolic pathways is not excluded. For example, oxalacetate to pyn. 
vate to acetate to acetoacetate could occur. However, the presence 
oxalacetate tends to deflect this pathway into the Krebs cycle, x 
Lehninger has shown (9). 

In view of the probability of other reactions in the cycle contributing ty 
the oxygen uptake, it was of interest to determine the rates of oxidation fo 
some of the compounds that might be involved. This was done with foy 


TaBce II 
Relative Rates of Oxidation of Substrates 


The source of enzyme was rat tissue; 0.3 ml. of kidney, 0.5 ml. of liver, 0.4 ml, of 
heart, or 0.7 ml. of brain as a 10 per cent homogenate in isotonic KCl was added t 
each flask. The standard reaction mixture was used, except that phosphate was 
16.7 X 10-3 m and the substrates were 3.3 X 10°? m. The oxygen uptake in the 
minutes following the 10 minute equilibration was taken as 100 for oxalacetate and 
the uptakes for other substrates are given relative to this value. The actual rates 
for oxalacetate are given as Qo,. The results are averages of duplicates on each of 
two animals generally. 

Kidney! Qo, | Liver | Qo, | Heart; Qo, | Brain Qo, 


Oxalacetate Sy ae 100 | 52.0} 100 16.1 | 100 25.5 | 100 | 15.0 
ROUUAN es. ina ee cca) eee 79 | 123 83 
Citrate... om Oe, ae 39 | 85 | 19 27 
a-Ketoglutarate............ 97 92 156 81 
el Ur si tina) eS I SO | 71 68 
ae Tee oe 75 | 46 4] 
No substrate....... eee 8 | 44 | 2 32 





different tissues by use of pyruvate, citrate, a-ketoglutarate, succinaie, 
malate, no substrate, and oxalacetate for comparison. The results ar 
shown in Table II. In each case the data are given in comparison with 
oxalacetate taken as 100 for the given tissue, but the absolute value far 
oxalacetate is also given. In heart homogenate, pyruvate was superior 0 
oxalacetate, but in the other tissues it was not as actively oxidized. Sim 
larly a-ketoglutarate was rapidly utilized by heart. In contrast, citrate 
was very poorly utilized by heart, brain, and kidney in comparison with 
oxalacetate. Malate was also poorly utilized in comparison with oxal- 
acetate. Thus there is little reason to believe that any member of the 
Krebs cycle could be substituted for oxalacetate in this system without 
substantially changing the results. In the data given in Table II, the 
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substrates were used at the same level as oxalacetate. In the assay, they 
would be present at much lower levels. The data in Table II do not 
represent the maximum rates for the other substrates by any means, while 
the rates for oxalacetate represent the maximum that we have been able to 
attain. Succinate could be oxidized much more rapidly by adding calcium 
and increasing the succinate concentration (10). Malate could be oxidized 
more rapidly by adding DPN and glutamate (11). The test system there- 
fore applies chiefly to oxalacetate. It may be noted that a mixture of 
oxalacetate and pyruvate is no better than oxalacetate for experiments 
such as those described in this paper, although the mixture may offer some 
advantages in that larger amounts may be used with less alteration in 
the acid-base balance.‘ 
DISCUSSION 

The conditions for maximum oxygen uptake in the oxalacetate system 
involve the use of a very low substrate concentration and the reaction 
soon fails for lack of substrate. The data suggest that the optimum sub- 
strate concentration is very low and in normal tissue in situ the oxalace- 
tate concentration is probably no higher than this at the most. However, 
in situ the oxalacetate and pyruvate are continually being replenished and 
in addition the oxalacetate is in equilibrium with pyruvate and CO, by 
means of the Wood-Werkman reaction. Inthe Warburg flask, the use of the 
CO, absorbers in the center well cuts down the chances for this reaction to 
operate and limits the supply of oxalacetate to the original amount plus 
what can be formed from malate. Since the oxalacetate becomes depleted 
by decarboxylation, the studies in vitro are hampered by an inability to 
keep up the supply of oxalacetate. Possibly the reaction would benefit by 
the use of bicarbonate buffer and COy in the gas phase (cf. Green et al. (12)). 

The measurement of the oxygen uptake with the optimum level of oxal- 
acetate for maximum rate is probably a fair measure of the oxidative 
component of the reactions involved in the formation of citrate, but there 
must be some reservations about any studies that involve oxygen uptake 
alone, and it is desirable to make analyses for as many products as possible. 
The complete lack of citrate accumulation in heart and brain raises the 
question of whether or not it was formed, and it would be of considerable 
interest to know whether acetate was formed to any extent in these tissues 


‘While the mixture of pyruvate and oxalacetate is no better than oxalacetate 
for short experiments with liver and kidney as reported in this paper, the mixture 
gives superior results with heart and brain, and, if pyruvate is present, other 4-car- 
bondicarboxylic acids give results that compare favorably with those obtained with 
oxalacetate only. With oxalacetate alone, an optimum level of oxalacetate and py- 
Tuvate appears to be rapidly attained in liver and kidney. but not in heart or brain 
homogenates. (Added in proof.) 
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or in the tumor tissues. The observations on tumor tissues are of interes 
in view of the earlier findings of Elliott and Greig (13). Using tumo 
slices treated with malonate, they found no conversion of pyruvate ty 
succinate, although some keto acid disappearance was noted, and acetic 
acid was tentatively identified. 


SUMMARY 


1. Optimum conditions for the study of the oxidation of oxalacetic aeid 
by isotonic KCI homogenates of rat liver and kidney were described, 

2. The final concentrations of reactants in the optimum system wer 
0.067 m KCl, 3.3 XK 10m MgCl, 3.3 X 107° mM potassium phosphate, 
1.3 X 10-5 m cytochrome c, 2.7 X 107° m oxalacetate, and 1 X 10“y 
ATP. From 0.2 to 0.7 ml. of 10 per cent homogenate could be used, 
depending on the tissue being examined. The final volume was 3.0 ml. 

3. The rate of oxygen uptake was proportional to the tissue concentration, 
within the range of convenient manometric measurement. 

4. The optimum pH was about 7.0, and the use of potassium salts 
gave better results than when all sodium salts were used. 

5. Analyses for citrate accumulation showed that this compound was 
formed when liver and kidney were used, but when brain, heart, and tumor 
were studied, the citrate accumulation was negligible. However, in brain 
and heart there were appreciable oxygen uptake and keto acid disappear. 
ance, while with the tumors (Flexner-Jobling and Walker No. 256 rat, 
transplantable tumors) oxygen uptake and keto acid disappearance wer 
both very low. 
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INHIBITION OF SUCCINIC DEHYDROGENASE BY 
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From the McArdle Me morial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, July 17, 1948) 


Although the inhibition of succinic dehydrogenase by oxalacetate is a 
generally accepted fact, there is a paucity of data on the subject. In 1937 
Das (1), using a modified Thunberg technique, reported that the enzyme 
was 50 per cent inhibited by 2 X 107° M oxalacetate when the succinate 
concentration was 0.025 mM. In 1939 Potter (2) reported that the oxi- 
dation of succinate by liver and kidney homogenates was inhibited by 
cozymase (DPN). Keilin and Hartree (3) and Mann and Quastel (4) at- 
tributed this effect, no doubt correctly, to the formation of oxalacetate, 
although no data on the effect of oxalacetate were presented. The inhib- 
itory effect of DPN upon the succinate system was later studied by 
Swingle, Axelrod, and Elvehjem (5) who also determined the effect of 
oxalacetate upon the succinic dehydrogenase system by measuring oxygen 
uptake. They reported that at succinate concentrations of 0.045 m oxal- 
acetate produced 98, 65, and 22 per cent inhibition at concentrations of 
50,10, and 5 X 10-> mu. From the data given it is not possible to tell 
whether the inhibition was transitory, as will be shown below, or whether 
the experiments were of such short duration that the decreased inhibition 
was not revealed. Since we found that the inhibition declined with time, 
it is clear that the earlier experiments (1, 5) cannot be accepted as quanti- 
tative measures of the inhibition by oxalacetate. They do, however, es- 
tablish the fact that this substance has a remarkable affinity for the succinic 
enzyme; remarkable because it appears to be at least 1000 times greater 
than the affinity of the normal substrate for the enzyme, and because oxal- 
acetate has been assumed to be formed in the course of succinate oxidation. 
If the physiologically formed oxalacetate were as toxic to succinate oxi- 
dation as added oxalacetate, the inhibition would have profound regulatory 
effects upon oxidative metabolism. Such does not seem to be the case, 
however, although the reasons are as yet obscure. 

* This work has been supported in part by the Jonathan Bowman Fund for Cancer 
Research. 

+ Merck Postdoctoral Fellow in the Natural Sciences under the National Research 


Council, 


1085 








1086 INHIBITION BY OXALACETATE 


EXPERIMENTAL 


Reactions were carried out in Warburg flasks at 38°. To each flask wor 
added at 0°, in the order given, water to make the final volume 3.0 my 
0.1 ml. of 1 m K phosphate buffer at pH 7.4, 0.1 ml. of 4 X 10~ m cyto. 
chrome ¢c, various amounts of 10 per cent water or KCl homogenates of 
rat tissues, 0.1 ml. of a solution containing 0.012 mM CaCl, and 0.012 w Ald), 
and 0.3 ml. of 0.5 m sodium succinate essentially as in the succinoxidag 
assay system (6). In addition, various concentrations of freshly prepared 
oxalacetate and pyruvate were added in order to test their separate and 
combined effects upon the succinic system. The oxygen uptake was 
measured at 10 minute intervals after a 10 minute equilibration. Zen 
time was taken as the time when the flasks were placed in the 38° bath, 
which was immediately after the oxalacetate addition. Oxalacetate 
pyruvate additions followed the succinate addition. 

In reporting the data, the oxygen uptake for successive 10 minute periods 
is plotted against time at the mid-point of each time interval. Since in 
the succinate system the substrate is present in large excess in order to give 
the maximum velocity, this method of plotting the data gives the rek. 
tive amount of the functioning succinic dehydrogenase throughout 
the course of the experiment. 

Total keto acids were determined by the direct method of Friedeman 
and Haugen (7). In this procedure, oxalacetic and pyruvic acids give 
the same result when the incubation with the reagent is 20 minutes. 

Later experiments were carried out with the succinate and oxalacetate 
added to the oxalacetate oxidizing system, which contains no Ca or Al, and 
has Mg and adenosine triphosphate (ATP) added (8). Under the con- 
ditions described for the succinoxidase system (6) the homogenate wil 
not oxidize malate, oxalacetate, or pyruvate, and oxidizes succinate qual- 
titatively to fumarate and malate.! 

Inhibition by Oxalacetate—When succinate is added to the succinoxidas 
system, the rate slowly declines in a linear fashion, as previously deseribel 
(9) and as shown in the top curve of Fig. 1. From the initial rates of fir 
similar experiments with variable amounts of succinate the Michaelis 
Menten constant (10) was determined for this system and the aver 
value of 0.006 mole per liter was obtained for subsequent calculations 
When various amounts of 0.001 m oxalacetate were added to the standart 
succinate system, the oxidation was strongly inhibited, but with the pass 
of time the inhibition diminished, so that the rate of the oxidation progr 
sively increased and approached the declining control curve for succinalé 
alone (Fig. 1). Analysis of the flask contents at the end of the experimetl 
showed that the total keto acid was the same as at the beginning. 


1 Unpublished experiments 
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In view of the fact that neither oxalacetic nor pyruvic acid is oxidized 
in this system plus the known fact that oxalacetate is both spontaneously 
and enzymatically decarboxylated to pyruvate, it is concluded that the re- 
lease from inhibition is due to the decarboxylation of the oxalacetate to 
pyruvate. 

It was found that oxalacetate produced 50 per cent inhibition at a final 
concentration of approximately 2 X 10~> m based on the initial inhibition. 
At concentrations at which oxalacetate produces 50 to 100 per cent inhi- 
bition, pyruvate is without effect; so that conversion of oxalacetate to 
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Fic. 1. Transitory inhibition of the succinoxidase system by various amounts of 
oxalacetate. Succinoxidase assay system described in the text, with 0.2 ml. of a 10 
per cent water homogenate of rat liver per flask. Concentrations of oxalacetate 
as in Fig. 2, for the corresponding symbols. 

Fig. 2. Stabilization of the inhibition of the suecinoxidase system by oxalacetate 
(OAA) when pyruvate is present. Succinoxidase system as in Fig.1. Oxalacetate 
concentrations refer to the final molarity. 


pyruvate would account for the release from the inhibition. Final con- 
centrations of 0.1 m pyruvate or a-ketoglutarate gave 50 per cent inhibi- 
tion, while malate and aspartate at similar concentrations had no effect. 
The effect of oxalacetate is unique in our experience with forty or 50 in- 
hibitors of the succinic system (9), since no other inhibitor gave an im- 
mediate inhibition that decreased with time. Previous inhibitors have 
either acted at once and maintained the inhibition, like malonate, or have 
given progressively greater inhibition, like quinone. The behavior of oxal- 
acetate, as shown in Fig. 1, indicates that oxalacetate forms a dissociable 
complex with succinic dehydrogenase, as do succinate and malonate. 

Since both Ca and Al have been shown to increase the spontaneous 
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decarboxylation of oxalacetate (11), experiments with either or both 
those ions omitted were carried out, but the results were not affected a 
much and are complicated by the possibility of oxalacetate formation from 
succinate. On the other hand, when the amount of homogenate was varied 
the rate at which the oxalacetate effect wore off was greatly increased, 9 
will be shown later. This effect is attributed to the enzymatic deecarboy. 
lation of oxalacetate to pyruvate. Furthermore, the rate of release frog 
oxalacetate inhibition was different in different tissues, which fell jn thp 
following order of decreasing rates: kidney, liver, heart, brain, and tum 
(Walker No. 256 rat carcinoma). This property is probably a reflectig: 
of oxalacetate decarboxylation but was not studied extensively, and mos 
of the experiments were carried out with rat liver. 

Inhibition by Oxalacetate Plus Pyruwvate—Since moderate concentration 
of pyruvate do not inhibit succinate oxidation, it is possible to study tly 
effect of pyruvate onthe oxalacetate inhibition. It appears that at leas 
with the low concentrations of oxalacetate used in these experiments py. 
ruvate inhibits oxalacetate decarboxylation. In experiments in which yar 
ious levels of oxalacetate were studied in the presence of M/ 150 pyruvate 
the inhibition of the succinate system remained relatively constant through- 
out the experiment, showing a very slow rate of release (Fig. 2). The 
curves are in marked contrast to those in Fig. 1. The testing of the inbi- 
bition of the succinate system with and without pyruvate appears to bes 
highly specific test for oxalacetate, and is applicable to quantities of 10 
to 50 y. These amounts are far below the quantity required for methods 
that depend on CO, evolution. The test may be of some value when its 
necessary to distinguish between oxalacetate and pyruvate. 

Inhibition by Oxalacetate Produced from Succinate—In the assay method 
which has been proposed for the succinoxidase system (6), calcium ani 
aluminum ions were added because of their demonstrated stimulatoy 
effects, which were believed to be indirect. Swingle, Axelrod, an 
Elvehjem (5) had provided substantial evidence favoring the view thi 
calcium is stimulatory because it accelerates the breakdown of DPN cat 
tained in the homogenates. It was postulated that the DPN in the home 


genates would be sufficient, in the absence of calcium ions, to yield inhi ’ 


itory amounts of oxalacetate. However, they did not determine the ke 
acids formed in the presence or absence of calcium in the succinoxidis 
system. Such a determination would test directly for the occurrence 
the malate to oxalacetate step. We have now tested their idea by dete 
mining the effect of various additions to the succinoxidase system in tells 


“7 
of keto acid formed and oxygen taken up. The results of three such & 
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periments with rat kidney homogenates are shown in Fig. 3. The sult 


experiment was also carried out with liver with similar though less striking | 
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results... The decreased oxygen uptake is clearly correlated with the 
formation of keto acid, which in view of the results in Figs. 1 and 2 
must be a mixture of oxalacetic and pyruvic acids. For example 0.3 micro- 
mole of keto acid per flask is 1 X 10~* m, which if 100 per cent oxalacetate 
would produce much more inhibition (Fig. 2) than was actually observed 
(Fig. 3). 
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Fic. 3. Plot of oxygen uptake against keto acid formed in the succinoxidase system 
under various conditions to show that the formation of keto acid decreases the oxygen 
uptake. Experiments with three different rats represented by three different sym- 
bols. Each experiment was performed with 0.2 ml. of a 10 per cent cold isotonie KCl 
homogenate of rat kidney. Part of the curve, marked +Ca, represents conditions 
of standard succinoxidase assay (except for homogenate), the middle part of the 
curve, marked —Ca, represents the effect of omitting calcium, and the lower part of 
the curve, marked —Ca, +DPN, represents the effect of omitting calcium and add- 
ing DPN (approximately 400 y). 

Fic. 4. Effect of adding various amounts of DPN to the succinoxidase system in 
terms of both oxygen uptake and keto acid formation. Standard succinoxidase 
system with 0.1 ml. of a 10 per cent water homogenate of rat kidney. 


The oxygen uptake was quite constant during the 60 minute period in 
the flasks in which Ca was omitted or DPN was added (Fig. 3), indicating 
that a steady state level of oxalacetate was rapidly reached. In other 
experiments with periodic sampling, the total keto acid increased with time. 
There was thus a continual production of oxalacetate that was maintained 
at a constant level by concomitant conversion to pyruvate. 


2 Sa! aed : ; . ond 

The data in Fig. 3 were obtained with KCl homogenates, but water homogenates 
gave almost identical results. With liver, however, the water homogenate did not 
give the same quantitative result that was obtained with the KCl homogenate. In 


all cases, decreased oxygen uptake was correlated with increased total keto acid. 
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The succinoxidase system is very sensitive to the presence of DPN hp. 
cause of the resultant oxalacetate that is formed: increased amounts of 
DPN (20 to 80 7) give increased amounts of keto acid and decreased oxygen 
uptake (Fig. 4). ; 

These results emphasize the importance of observing the recommended 
conditions for the succinoxidase assay system (6). Together with the re. 
sults in Fig. 1, they show that the succinate to fumarate step can be igo. 
lated, and that, if small amounts of oxalacetate are formed initially, the 
resulting inhibition will disappear. Thus the maximum rate observed js 
the best measure of the succinoxidase system. In practice, the initial read. 
ings are seldom low. 

Prevention of Oxalacetate Effect—In view of the failure to obtain mayi- 
mum succinate oxidation in homogenates in the absence of calcium, it was 
always difficult to explain how Rosenthal (12) obtained the same rates of 


TABLE | 
Prevention by ATP of Inhibition of Succinoxidase by Oxalacetat 
Oxalacetate system as described by Potter, Pardee, and Lyle (8), with 0.2 ml. of 
a 10 per cent isotonic KC] homogenate of rat kidney plus 0.1 ml. of 0.5 m succinate, 
and, where indicated, calcium and aluminum as in the succinoxidase system de- 
scribed in the text. Oxygen uptake, microliters in 20 minutes; all measurements in 
duplicate; volume, 3.0 ml. 


Oxalacetate adde 
Reaction conditions ae 
None 00267 w 
With 0.001 m ATP ae es Pe ne 117.5 32.6 
ATP omitted Ne Mees ett ; 81.3 5.0 
With ATP + calcium and aluminum............ 67.1 0 


oxidation in rat liver slices that we obtained with homogenates. His re 
sults and the question of whether the oxalacetate concentration is a phys 
iological regulator of succinate oxidation led us to test the effect of oxal- 
acetate on succinate oxidation in a homogenate system that we regard a 
“physiological ;”” namely, the isotonic KCl homogenate, fortified with ATP 
and Mg (8). To our surprise, relatively large amounts of oxalacetate 
failed to inhibit succinate oxidation. In Table I it is shown that with the 
reaction mixture and the amount of oxalacetate that is optimum for the 
oxalacetate oxidation (8) oxidation proceeds vigorously when succinate 
present with or without oxalacetate (132.6 and 117.5 microliters of 0h), 
On the other hand, when ATP is either omitted or added in the presente , 
of calcium ions, which accelerate the dephosphorylation of ATP, the pre 
ence of oxalacetate prevents the oxidation of succinate. Thus oxalacetsl? 
inhibits succinate oxidation in the absence of ATP but not in its presente. | 
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In other experiments it was possible to show that in a reaction mixture 
containing oxalacetate, ATP, and succinate delayed additions of calcium 
ions produced almost immediate inhibition of the succinoxidase system, the 
degree of inhibition depending upon the time of calcium addition. It was 
as if the oxalacetate were in a form that would not inhibit the enzyme and 
the addition of the calcium caused the oxalacetate to resume the inhibitory 
form. It may be emphasized that calcium per se does not inhibit the 
succinoxidase system. ‘The question arises as to whether in the presence 
of ATP the oxalacetate might inhibit succinate oxidation but by being 
oxidized itself might obscure the succinate oxidation. In Table II various 
amounts of oxalacetate were added to a system containing ATP, with and 
without succinate. In the absence of succinate, the data show that the 
lower levels of oxalacetate were incapable of giving a rate of oxygen up- 
take that would account for the amount observed when succinate was also 


TABLE II 
Oxidation of Succinate in Presence of Oxalacetate and ATP 
Oxalacetate system as described by Potter, Pardee, and Lyle (8), with 0.3 ml. of 
a 10 per cent isotonic KC! homogenate of rat kidney plus 0.3 ml. of 0.01 m ATP with 
various amounts of exactly neutralized oxalacetie acid with and without succinate. 
Volume, 3.0 ml.; oxygen uptake, microliters in 20 minutes. 


Final oxalacetate concentration (X 10‘ u 





Succinate ee J ead 
0 33 6.7 13.3 26.7 53.3 
Present er ec 215 205.8 210.5 196.6 | 197.6 
4.7 65.5 


Absent Praca 6.9'| 4 5 84.6 | 109.5 


84.4 





present. It must be concluded, therefore, that these levels of oxalacetate 
do not inhibit succinoxidase in the presence of ATP. Yet Figs. 1 and 2 
showed that one-tenth as much oxalacetate inhibited the succinoxidase 
system in the absence of ATP. 


DISCUSSION 


Inhibition of Succinoxidase by Oxalacetate—The results can be accounted 
for by assuming that oxalacetate competitively inhibits the oxidation of 
succinate according to the equation 


SV 
v= ee Sra aa 
K,(1 + (X/K,)) + § 
where » is the rate of oxygen uptake, V is a constant, S is succinate concen- 
tration, K, is the Michaelis-Menten constant, X is the oxalacetate (inhib- 
itor) concentration, and K;, is the dissociation constant of oxalacetate and 
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enzyme. Let H be the rate of O2 uptake in the absence of X, and write the 


equation in the form 


If S is essentially constant during the measurements, as it is in these ex. 
periments, X is proportional to (H/v) — 1. If it is assumed that the rat, 
of breakdown of oxalacetate is first order, log Xo/X = kt, where X; is the 
concentration of X at zero time, a plot of log ((H/v) — 1) versus ¢ should 
give a straight line of intercept at zero time, 


1 Pe.G 
oO yy 
E+ ©) 


and slope, —k. 

Data from an experiment similar to that shown in Fig. 1, but with varia- 
ble homogenate and constant oxalacetate, were plotted in this way and 
gave the results shown in Fig. 5. The intercept at zero time, which is 
proportional to the oxalacetate added (see below), is the same for all three 


concentrations of homogenate, showing that the initial inhibition is in- 


dependent of the amount of homogenate. In the lower left corner of Fig, 
5 the slopes of the three lines are plotted against the amount of homogenate 
and a straight line is obtained, showing that in addition to the slow spon- 
taneous decarboxylation there was a decarboxylation that was proportional 
to the homogenate concentration. 

With the same method of plotting the data, but with constant homo- 
genate and variable oxalacetate, a series of lines having the same slope 
but different intercepts is obtained (Fig. 6). When the antilogs of the 
intercepts were plotted against the concentration of oxalacetate, the result 
was as shown in Fig. 7. The graph should be a straight line through the 
origin and the slight displacement to the right may be due to a small spon- 
taneous decomposition before the beginning of the experiment. 

The value for K; can be calculated from Fig. 7, and is found to be 1.4 
xX 10-6 m. Thus oxalacetate is a much more powerful inhibitor than 
malonate, for which the constant is 10-* M, calculated from Potter and 
DuBois (9). ; 

ATP Effect—Although oxalacetate is a powerful inhibitor of the succil- 
oxidase system as shown in Figs. 1 and 2, it appears that this effect can be 
prevented by the presence of ATP. Whether the ATP acts by shielding 
the succinoxidase directly or indirectly or whether the ATP converts the 


oxalacetate to a form that cannot combine with the succinic dehydrogen- 


ase cannot be decided at this time. It has been suggested by various I- 
vestigators that a phosphooxalacetate may exist, but only indirect evidence 
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Fic. 5. Log of (H/v)—1 plotted against the time of reaction for three amounts of 
liver homogenate as indicated. Succinoxidase system as in the text 
centration of oxalacetate constant at 6.7 X 10-5 Mm. 


Initial con- 
The inset in the lower left corner 
is a plot of the slopes of the three curves against the amount of tissue used. 

Fic. 6. Log of (H/v)—1 plotted against the time of reaction with homogenate 
constant and oxalacetate variable; data from Fig. 1. 
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Fig. 7. Plot of values of (H/v)—1 at zero time against concentration of oxalace- 
tate added. ©, data from Fig. 6; @, from a similar experiment. 


has been obtained (cf. Lichstein and Umbreit (13) p. 335, and Lardy et al. 
(14)). The experimental conditions described above may facilitate the at- 
tempts to study this problem. 
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The results with oxalacetate are of considerable interest in connectigy 
with an attractive suggestion by Pauling ((15) p. 58) that the surface ¢op. 
figuration of the enzyme is complementary to the activated substrate rath 
than to the substrate itself. He proposed to test this postulate by search. 
ing for inhibitors that have a greater affinity for the enzyme than have the 
substrate molecules themselves. The succinic dehydrogenase system is one 
of the few that presents this opportunity; both malonate and oxalacetate 
have greater affinities than succinate for the enzyme. If ATP could cop. 
vert oxalacetate to phosphoenol-oxalacetate, the configuration would bp 
altered considerably, and no doubt to an extent that would prevent it from 
combining with the points having succinate affinity. This would seem ty 
be the simplest explanation for the data at hand, but further experiments 
will have to be devised before it can be accepted. 


SUMMARY 


1. Oxalacetate inhibits the enzymatic oxidation of succinate. The 
dissociation constant of oxalacetate and enzyme is 1.5 X 10> m. 

2. The oxalacetate gradually breaks down to pyruvate and the inhibi- 
tion disappears. 

3. Pyruvate decreases the rate of breakdown of oxalacetate, presumably 
by inhibiting the oxalacetic decarboxylase. 

4. A mechanism is given based on competitive inhibition, and the first 
order rate of decarboxylation of oxalacetate. 

5. ATP prevents the inhibition of the succinoxidase by oxalacetate, 


while the addition of calcium ions to an ATP-protected system re 


stores the inhibition. 
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XANTHINE OXIDASE AND TYROSINASE IN THE LIVERS OF 
CHICKS RECEIVING GRADED LEVELS OF DIETARY 
PTEROYLGLUTAMIC ACID* 


By CECILIA K. KEITH, WILSON J. BROACH, DORIS WARREN, PAUL L. 
DAY, anp JOHN R. TOTTER 


(From the Department of Biochemistry, School of Medicine, University of Arkansas, 
Little Rock) 


(Received for publication, July 26, 1948) 


Evidence indicating a relationship between pteroylglutamic acid (PGA) 
and porphyrin metabolism has been presented previously from this labo- 
ratory (1). While this supposed relationship was being investigated, it was 
noted that in zn vitro experiments conducted by the procedures of Schreus 
and Carrié (2) liver homogenate from PGA-deficient rats rapidly converted 
hemoglobin to methemoglobin, and that this conversion was inhibited by 
PGA. Upon subsequent incubation the PGA-containing mixtures pro- 
duced consistently a somewhat smaller amount of porphyrin than did the 
controls not containing PGA. 

Rodney, Swendseid, and Swanson (3) have reported that liver homogen- 
ate from PGA-deficient rats fed sulfonamides does not oxidize tyrosine at 
anormal rate. They also reported that added PGA increased the rate of 
oxidation under the conditions of their experiments. In somewhat similar 
experiments, with liver from PGA-deficient chicks, we have been unable 
to show any enhancement of tyrosine oxidation; instead, when PGA was 
added, we found a slight but consistent inhibition of oxygen uptake as com- 
pared with controls either in the presence or absence of tyrosine. 

The recent publication by Kalckar of experiments indicating an inhibitory 
effect on xanthine oxidase by PGA (4) or by one of its breakdown products 
(5) appeared to offer an explanation for both of our observations discussed 
above. It is well known that methemoglobin may be formed during the 
oxidation of substrates of xanthine oxidase if hemoglobin is present. Pre- 
sumably there would be enough of the precursors of endogenous uric acid 
present in the chick liver experiments to account for a small uptake of oxygen 
which might be inhibited by PGA. However, it has been found in later 
experiments! that xanthine oxidase may be only one of several flavin-con- 


* Research paper No. 877, Journal Series, University of Arkansas. This investi- 
gation was supported by a research grant from the Division of Research Grants 
and Fellowships of the National Institute of Health, United States Public Health 
Service, and a grant from the Williams-Waterman Fund of the Research Corporation. 

‘Totter, J. R., Martindale, W. E., and Keith, C. K., unpublished experiments. 
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taining enzymes which are inhibited by PGA or by its metabolic products. 
The later observation of Kalckar (5) that specially purified PGA exhibits 
but little inhibitory effect on xanthine oxidase makes it of importance ty 
determine whether the in vivo action of the vitamin is related at all to this 
enzyme. 

The experiments described in this publication were designed to determine 
whether the liver xanthine oxidase of chicks is affected by dietary PGA. 
There are also presented here data on the oxygen uptake of liver homogen. 
ate from PGA-deficient chicks as affected by tyrosine and added PGA. 


EXPERIMENTAL 


White Leghorn chicks were obtained from a commercial hatchery and 
were placed on the experimental diets at approximately 2 days of age. They 
were housed in metal battery brooders and were given the experimental diets 
and water ad libitum. The diet was similar to that recently recommended 
for use in chick assays for the vitamin M group (6). It consisted of vitamin. 
free casein (Labco) 25 gm., gelatin 10 gm., corn-starch 52.4 gm., cellulose 
3 gm., hydrogenated vegetable oil 3 gm., cod liver oil 1.3 gm., salts 5 gm, 
(7), L-cystine 0.3 gm., MnSO,-4H.O 0.1 gm., choline chloride 0.2 gm.., thia- 
mine chloride 0.4 mg., riboflavin 0.8 mg., pyridoxine hydrochloride 0.6 
mg., 2-methyl-3-hydroxy-4-carboxy-5-hydroxymethylpyridine lactone? 0.05 
mg., calcium pantothenate 1.1 mg., nicotinic acid 2.0 mg., 7-inositol 5.0 mg, 
p-aminobenzoic acid 15.0 mg., 2-methylnaphthoquinone 0.005 mg., a-to- 
copherol 24.0 mg., and biotin? 0.01 mg. 

All chicks were weighed weekly for 4 weeks. In the first series, groups 
of chicks received synthetic PGA? incorporated in the diet, to the extent of 
0, 5, 10, and 200 y per 100 gm. of diet. Livers from these chicks were used 
for the tyrosinase determinations. | Except for hematocrit determinations, 
no extensive hematological observations were made on the groups in this 
first series. 

Xanthine oxidase was determined on the livers from a second series of 
chicks receiving 0, 5, 10, 20, 40, 80, 200, and 1000 y of PGA per 100 gm. oi 
diet. This series was also controlled by including a group which received 
commercial chick starter diet‘ containing 1.75 y of PGA per gm. by Strepio- 
coccus faecalis assay. In this second series, hemoglobin, hematocrit, total 
blood cell, and differential counts were made on each chick at the end of 4 
weeks on the experiment. The chicks were then sacrificed and the organs 
removed for weighing. The livers were suspended in 5 volumes of phos 
phate buffer of pH 7.4 and homogenized in a Waring blendor. 


2 Kindly supplied by Merck and Company, Inc., Rahway, New Jersey. 

’ Kindly supplied by the Lederle Laboratories Division, American Cyanamié 
Company, Pearl River, New York. 

‘Purina Startena. 





tail 
The 


con 
det 
exp 
A 


pre 
inte 
gall 
ofe 
in t 
diet 
rece 

A 
the 
in t 
pea 
or | 
tyre 
effe 
as s 
and 
trea 
exp 








eni- 


es of 
Nl. of 
ved a 
7 plo- 
total 
l of 4 
gals 


phos- 


namid 


KEITH, BROACH, WARREN, DAY, AND TOTTER 1097 


The oxygen uptake of 1.0 ml. of 1:8 liver homogenate was measured at 
pH 7.5 in the absence of tyrosine and in the presence of 0.5 mg. of tyrosine, 
with the Warburg instrument. The total volume was 3.0 ml. 

For the xanthine oxidase experiments 5 ml. of the liver mince from each 
chick were diluted to 25 ml. with phosphate buffer of pH 7.4. 2 ml. of the 
resulting mixture and 3 ml. of buffer were incubated with 5 ml. of a solution 
containing 5 mg. of xanthine in 0.01 N sodium hydroxide. <A control with 
buffer instead of the xanthine solution was also set up. 1 ml. aliquots of 
these solutions taken immediately after mixing, and again after standing 1 
hour at 32°, were treated with 1 ml. of 10 per cent sodium tungstate, 1 ml. 
of 2 N sulfuric acid, and 7 ml. of water, and filtered. Uric acid was deter- 
mined on 2 ml. aliquots of the filtrates by Brown’s procedure (8). The 
xanthine oxidase activity was expressed as mg. of uric acid produced per 
hour per gm. of wet weight of liver. 


RESULTS AND DISCUSSION 


The average weights for the chicks in the second series are presented in 
Fig. 1. The hematological values were in close agreement with values ob- 
tained in an extensive series of experiments by Campbell and coworkers (9). 
The average weights and the hematocrit values obtained in our experiments, 
conducted at different seasons, were also in satisfactory agreement. More 
detailed observations on the blood and bone marrow of the chicks on these 
experiments will appear elsewhere. 

Attention should be called to the ratio of the liver weight to body weights 
presented in Fig. 2. A large increase in the ratio occurs with diminishing 
intake of PGA. Similarly the deficient chicks had an obviously enlarged 
gallbladder as compared with positive controls. The gallbladder weights 
of eight negative control chicks averaged 0.77 gm., while those of eight chicks 
in the 40 y of PGA group averaged 0.25 gm. The chicks on the commercial 
diet had a liver weight-body weight ratio of 0.0254, much lower than those 
receiving PGA far in excess of minimum requirements. 

A typical tyrosinase experiment is given in Fig. 3. It may be seen that 
there is a decrease in oxygen consumption of the livers from deficient chicks 
in the presence of added PGA. This decrease is small; however, it was re- 
peatedly observed in determinations made on livers of chicks receiving 0, 5, 
or 10 y of PGA. No consistent effect of the dietary intake of PGA on the 
tyrosinase content of the livers was obtained. Also, there was no appreciable 
effect on tyrosinase found when PGA was added to the incubating mixtures 
as shown in Fig. 3. These results differ from those of Rodney, Swendseid, 
and Swanson (3) who made their observations on livers from sulfonamide- 
treated rats. The reasons for the differences in outcome between the two 
experiments are not apparent. Since there is obviously a relation between 
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tyrosine metabolism and the action of PGA and of the antipernicious anemig 
principle (10, 11), caution in interpreting the results is indicated. 

Results of the xanthine oxidase experiments are given in Fig. 4. An jp. 
verse relationship between PGA intake and xanthine oxidase is clearly 
shown. When the large liver weight-body weight ratio is taken into cop. 
sideration, it may be seen that the deficient chicks possess an extremely 
high total oxidase activity. 


LOG. CONCENTRATION ADDED PGA PER 100 GMS. DIET 


























0.5 10 ES 20 25 
r T T | 
i ec 
> 300 F be 
< | x 3 
x 1) 
O 250+ 7 ade” 
z > 
> 
a L 1236 
r 200 5 
O o 
u u 
> 4 220 
> @ 
5 '50 2 
° a 
” 4 21 
(4) 
100 ; : 20 
3.16 2 10 20 40 80 200 


}eGMS PGA ADDED PER 100 GMS OIE T 

Fic. 1. The relation of the body weight of chicks to the pteroylglutamic acid 
content of the diet. The figures in parentheses are the number of chicks which sur- 
vived the experimental period of 4 weeks. Initially the groups consisted of twenty 
twelve, twelve, ten, ten, ten, nine, eight, and eight chicks for the 0, 5, 10, 20, 40, 80 
200, and 1000 y, and commercial starter diet, respectively. The final average weight 
of the fourteen surviving negative control chicks was 114 gm., that for the eight 
receiving 1000 y of PGA 247 gm., while the eight chicks on the commercial 
diet weighed an average of 286 gm. per chick. 


Tests of the PGA used in our experimental diets indicate that it contains 
the impurity (5) which is responsible for the zn vitro inhibition of xanthine 
oxidase. It may be argued that the impurity is responsible for the depres 
sion of the enzyme activity in the chick experiments. If so, the substance 
is of nutritional significance itself, and may occur in natural diets, since the 
xanthine oxidase activity of the livers from chicks on the commercial starter 
diet (0.94 mg. of uric acid per gm. per hour) was much lower than the lowest 
values obtainable with the supplemented purified diet. It is possible tha! 
additional dietary factors are present in the commercial diet which are neces 
sary to maintain the low level of liver xanthine oxidase exhibited by the 
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Fic. 2. The relative liver weight of chicks as affected by the PGA content of the 
diet. The numbers of chicks are the same as in Fig. 1. The fourteen negative 
control chick liver weights averaged 5.40 per cent, the eight of the 1000 y group 2.96 
per cent, and the eight of the commercial diet group 2.54 per cent of their body 
weights. 
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Fic. 3. The oxygen uptake of liver homogenate from PGA-deficient chicks in the 
presence and absence of added tyrosine. The abscissa gives the oxygen uptake in 
microliters per gm. of wet weight of liver. The liver used was a composite sample 
from three chicks. 
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chicks on such a diet. This phase of the problem is being investigate; 
further. 

The contribution which an excessively rapid rate of purine oxidation may 
make to the breakdown of hemoglobin or hemin-containing enzymes in piyy 
is unknown but may be of importance. The breakdown of hemoglobin j 
said to be brought about by hydrogen peroxide (12) and this compound js 
produced by the action of xanthine oxidase. 
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Fic. 4. The influence of PGA intake on chick liver xanthine oxidase. The abscissa 
gives the relative xanthine oxidase calculated as the mg. of uric acid produced from 
xanthine per gm. of wet weight of liver per hour. The number of determinations 
averaged for each point is the same as the number of chicks given in Fig. 1. Th 


average xanthine oxidase for the fourteen negative control chicks was 3.55, while 
the eight on the commercial diet averaged 0.94. 


It appears likely that other flavin-containing enzymes which catalyze the 
production of hydrogen peroxide as an end-product may also be involved 
in PGA deficiency and in the syndrome of pernicious anemia. Daft (13 
and others (14) have presented results which may be interpreted as sug- 
gestive that L-amino acid oxidase activity is depressed by PGA. The 
recent findings of Woodruff and Darby (11) are possibly also explainable by 
such a hypothesis. An excessive rate of oxidative deamination of amino 
acids and the concurrent accelerated production of hydrogen peroxide could 
explain many of the biochemical changes in pernicious anemia and in PGA 
deficiency in the chick and in the monkey. The high liver weights and en- 
larged gallbladder of the deficient chicks suggest that an abnormally high 
rate of destruction of blood elements, or at least of materials normally used 
in blood production, does occur in PGA deficiency. 
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An important function of PGA and of liver extract may therefore be the 
regulation of the activity of flavin-containing enzymes such as xanthine 
oxidase, L-amino acid oxidase, D-amino acid oxidase, diaphorase, cytochrome 
reductase, etc. Evidence indicating a depressing effect of PGA on glycine 
oxidase will be presented shortly. Differences in the action of PGA and 
of liver extract may result from qualitative and quantitative differences in 
the ability of each to control adequately all of the enzymes involved. 

SUMMARY 

Weight data are presented on chicks receiving 0, 5, 10, 20, 40, 80, 200, or 
1000 y of pteroylglutamic acid (PGA) per 100 gm. of purified diet for a 4 
week period. 

The ratios of the chick liver weights to body weights were found to be 
inversely related to the PGA content of the purified diets. The gallbladders 
of the deficient chicks were greatly enlarged. 

The oxygen uptake of liver homogenate from chicks receiving 0, 5, and 
10 y of pteroylglutamic acid per 100 gm. of diet was slightly depressed by 
addition of pteroylglutamic acid. No effect was observed on chick liver 
tyrosinase activity either by dietary PGA or by PGA added in vitro. 

The chick liver xanthine oxidase was found to be inversely related to the 
PGA content of the purified diets. Excess of the vitamin did not reduce 
the average xanthine oxidase activity to a value as low as that exhibited by 
chicks on a commercial diet. 

The bearing which the findings have on the interpretations of the bio- 
chemical changes occurring in pernicious anemia are briefly discussed. 
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CALCIFICATION OF TEETH 
I. COMPOSITION IN RELATION TO BLOOD AND DIET* 
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(From the Department of Biochemistry and the Pediatric Research Laboratory, The 
Jewish Hospital of Brooklyn, New York) 


(Received for publication, July 27, 1948) 


These investigations were undertaken to test the hypothesis, of the au- 
thors, that there is a relationship between the inorganic composition of teeth 
and the fluid from which the tooth salts precipitate and that the composition 
of this fluid in turn is related to the blood serum. If this hypothesis is valid, 
it should be possible to vary the composition of teeth (during the period 
of active lime salt deposition), since the composition of blood serum can be 
regulated by the diet (1-6). 

The mineral phase is regarded as essentially the same in teeth and bone 
(7,8). The variations in the composition of bone are well known (9) and 
were shown to be related to that of blood (5, 6). Hitherto no such rela- 
tionships have been shown for teeth. In fact, some recent investigations 
indicate that the inorganic composition of enamel is constant (10). There 
is, however, evidence that teeth are tissues in equilibrium with body fluids. 
Barnum and Armstrong (11) fed P® to cats and found that it was present 
in both enamel and dentin after an interval. They then postulated that 
dentin phosphate may be in equilibrium with blood phosphate and that 
enamel phosphate may be in equilibrium with dentin phosphate. Green- 
berg (12) administered Ca* to rachitic rats and found that in the absence 
of vitamin D the uptake of the isotope in the femurs was greater than in 
the molars but less than in the incisors. In the presence of vitamin D, 
the uptake was greatest in the femur, less in the incisors, and least in the 
molars. Vitamin D had a minor influence on teeth but a major influence 
on bone. Armstrong and Barnum (13) fed Ca*® and P® to albino rats and 
measured the amounts found in the teeth. They found that the turnover of 
the isotopes in the incisor dentin was two-thirds and in the incisor enamel 
about one-third of that in the femur. The molar dentin was about one- 
sixth that of the femur and the molar enamel was from 1.5 to 3 per cent of 
the femur. 

These studies with isotopes indicate that the continually growing incisors 
may undergo changes almost as rapidly as bone and thus were considered 
suitable for our experiments. It is worth pointing out that the hypothesis 


* Presented in part before the Division of Biological Chemistry at the 112th meet- 
ing of the American Chemical Society, New York, September 15-19, 1947. 
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proposed in the first paragraph applies to teeth only during the period when 
active calcification takes place. In human teeth active calcification jg 
almost complete before eruption. 

The knowledge of the factors that influence the composition of teeth is of 
theoretical and practical importance, since further studies may reveal some 
relation between caries and structural, mechanical, and other properties 
(such as resistance to acids and bacteria) and composition. 

In the experiments reported here, evidence is given that there is a rela- 
tionship between the PO,:COs; ratios of enamel, dentin, and blood serum, 
which in turn is regulated by the diet. 


EXPERIMENTAL 


The three diets used are shown in Table I. The basal diet contained 
traces of calcium (0.029 per cent) and suboptimal amounts of phosphorus 
(0.118 per cent).' To this basal diet 3.0 per cent CaCO; was added to pro- 
duce a high calcium-low phosphorus diet (Diet B); 3.0 per cent of anhy- 
drous Na,HPO, was added to give a low calcium-high phosphorus diet 
(Diet C); and 0.4 per cent CaCO; was added to give the low calcium-low 
phosphorus diet (Diet D). The calcium and phosphorus contents of the 
diets were determined by replicate analysis. Each diet contained the same 
amount of either calcium or phosphorus as one of the others. 

Young rats, 23 days old, were used. The animals were raised in our lab- 
oratory from a Wistar strain stock colony, fed on the standard stock diet of 
Bills et al. (14). Litters were chosen having at least eight animals per 
litter. ‘Two animals of each litter were sacrificed on the Ist day of the ex- 
periment to furnish data on the initial composition of the blood and teeth 
of the litter. These animals were termed the reference group. It was 
necessary, owing to the small size of the young animals, to pool the blood 
and teeth of both animals for analysis. The remaining six animals in each 
litter were divided into three pairs and each pair placed on one of the three 
experimental diets. In addition to these diets, one animal of each pair 
received daily 100 1.u. of vitamin D in 0.1 ml. of corn oil administered orally 
by means of a pipette. The six groups thus established were caged sep- 
arately, in a darkened room, to prevent mixing of the diets and to prevent 
the access of those animals not receiving vitamin D to this factor. 

Eleven litters of rats were used. The mean initial weights of the rats 
were almost identical (see Table Il). A reasonable basis for comparing 
the results of the various groups was established because of the similarity 


1 In these experiments a basal diet, low in phosphate, was desired to obtain greater 
freedom in changing the Ca:P ratio. This was accomplished by selecting deger- 
minated yellow corn-meal which is low in phosphorus (Hoger Cereal Company, 
New York). 
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of heredity, the distribution of litters among the various groups, and the 
close agreement of the initial weights. 

The first group consisting of six litters, and referred to as the short term 
experiment, was kept on the experimental diets for 30 days, at the end of 
which time the rats were sacrificed by cutting the jugular vein and the 
carotid artery. The blood was collected under oil and centrifuged imme- 
diately upon clotting. The upper incisors were immediately removed, 
cleaned from adhering tissues, and prepared for analysis. The second 
group of animals, consisting of five litters (referred to as the long term ex- 
periment), was treated exactly the same as the animals on the short term 


TABLE I 
Composition of Experimental Diets 


Diet Constituents Ca P Ca:P 











paris percent percent \mole ratio 


B. High calcium-low phos- | Basal diet 97 
phorus Calcium carbonate 3 1.20 | 0.121 | 7.67 
C. Low calcium-high phos- | Basal diet 97 
phorus NasHPO, 3 0.028 0.759 | 0.029 
D. Low calcium-low phos- | Basal diet 99.6 
phorus Calcium carbonate 0.4 | 0.189 | 0.124 | 1.18 
Basal Yellow corn-meal 75 
Wheat gluten 19 
Brewers’ yeast 5 
Sodium chloride 1 0.029 0.118 | 0.191 


experiment except that they were kept on the experimental diets for 45 
days. 


Analytical Procedures 


The serum, under oil, was analyzed for CO: on 0.1 ml. by the manometric 
method of Van Slyke and Neill (15), for caleium in duplicate on 0.1 ml. 
portions by the method of Sobel and Sobel (16), and for inorganic phos- 
phate in duplicate on 0.1 ml. portions by the micro modification of the 
Fiske-Subbarow method (17, 18), with the micro cups of the Klett-Sum- 
merson photoelectric colorimeter with a 660 my filter. Standards were run 
for COs, ealeium, and inorganic phosphate for each set of sera. Standards 
for CO; consisted of a sodium carbonate solution, 1 ml. of which is equiva- 
lent to 100 volumes per cent of CO:. The standard for calcium consisted 
of a calcium carbonate solution, 0.1 ml. of which is equivalent to 10.00 
y of calcium. The standard for inorganic phosphate consisted of a solu- 
tion of KH2PO,, 5 ml. of which are equivalent to 40.0 y of P. The pre- 
cision of the methods is shown in Table III. 
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The upper incisors were split into fragments and extracted for three over. 
night periods with two portions of acid- and aldehyde-free ethyl] aleohg| 
and one portion of ethyl ether. The fragments were then dried overnight 


TABLE II 
Growth data 








Experimental 


period, 30 | 


days 


Experimental 








period, 45 |B 


days 





6 | 


| Dietary group | cane 
| gm. 
Reference group | +30.1 
B | +31.1 
Cc | +31.2 
D | +30.0 
B + vitamin D | +30.6 
C+ “© « | +30.3 
D+“ -* | +29.7 
B-—C | —0.1 
“-_D | +1.1 
C-« | +1.2 
B + vitamin D — C + vitamin D | +0.3 
By “«—-D+ F i | +0.9 
C+ - a a se es +0.6 
B — (B + vitamin D) +0.5 
C-—-(C+ id el | +0.9 
D-(D+ “ *) | 40.3 
Reference group | +35. 
| +36.8 
Le +36.6 
D | +35.8 
B + vitamin D | +36.1 
Cc ee | +36.1 
D+ “ « | +36.8 
B-—C | +0.2 
«_—D | -+1.0 
Cc — “ | +0.8 
B + vitamin D — C + vitamin D | 0.0 
ce ” “-—-D+ ‘* “ | —0.7 
he ei a —0.7 
| B — (B + vitamin D) +0.7 
|C—(C+ = 7) +0.5 
'D-(D+ * ag —1.0 





at 105°, weighed, 


heise Ga 
gm. om 
+55.0 | +23 
+44.5 | +13 
+64.9 | +34 
+43.6 | +13 
+48.5 | +18 
+73.5 | +43 
+11.5 +10 
—9.9 | ll 
—20.4 | —2] 
—4.9 —5 
—29.9 | —30. 
~25.0 | —25 
+11.4 | +10, 
—4.0 —4, 
—.60 —§ 
+51.9 | +15 
+45.9 +9) 
+82.1 |) +46 
+43.4 +7 
+64.5 | +28 
+88.4 | +51 
+6.0 +5 
—30.2 | -31. 
—36.2 | -37. 
—21.1 | —21 
—45.0 | —44. 
—23.9 | —23 
+8.5 +7 
—18.6 —19 
—6.3 —5, 


and the enamel and dentin separated by the method of 


Manly and Hodge (19), which was modified to the extent that the tube used 
for carbonate analysis (20) was employed instead of the centrifuge tube 
recommended by Manly and Hodge. 


This was done to obviate the neces 
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sity of transferring small amounts of enamel and dentin obtained from the 
teeth, with the consequent mechanical loss of material. The separated 
enamel and dentin were dried overnight at 105°, after two acetone washings, 
and placed in a desiccator till cool and then weighed. These weights were 
used to calculate the percentages of the inorganic constituents of the 
enamel and dentin. 

The enamel! was analyzed for carbonate, calcium, phosphate, and total 
base as previously described (18), except that the Coleman spectropho- 
tometer was used instead of the visual colorimeter for phosphate. For the 
carbonate analysis, the gasometric reagents were prepared in 25 per cent 
sodium chloride for added sensitivity (21). Standard solutions were run 
for calcium, phosphate, total base, and for carbonate solid mixtures. The 


TABLE III 


Precision of the Determinations of Standard Solutions Employed As Controls for 
Enamel, Dentin, and Blood Serum Analysis 


Mean values (approximately 50 determinations plus-minus average deviations). 


Ca* Cat COzt CO:§ PO|| Total base§ 


¥ " vol. per cent wt. per cent Y m.eq. 


10.08 + 0.12) 199.0 + 1.7 100.0 + 1.3) 2.00 + 0.02 39.0 + 0.50.101 + 0.001 


*10.00 y of Ca present in 0.1 ml. used for analysis. 

+ 200 y of Ca present in 1.0 ml. of solution used for analysis (bone method). 
t 100.0 volumes per cent of CO: present; 0.1 ml. used for analysis. 

§ 2.00 per cent as CO; in a mixture of solid NaCl and Na,CO,; (bone method). 
|| 40.0 y of phosphate P present (bone and blood methods). 

§ 0.100 milliequivalent of Ca present in 1.00 ml. 


latter consisted of a dry sodium chloride-sodium carbonate mixture con- 
taining 2.00 per cent CO;. The precision of these determinations is given 
in Table III. 
Calculations (6, 20) 
Carbonate 
Mg. CO; in sample = Pco, X factor for CO; 
Poco, = fi — p2- 
C = pi — pe for blank analysis 
Calcium 
titer X normality of acid X 20 X total volume 


Mg. Ca in sample = - 
volume of aliquot used 


Phosphate 
Klett-Summerson colorimeter: 


reading of unknown 


Mg. P in aliquot = X concentration of standard 


reading of standard 
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For the Coleman spectrophotometer (used for tooth analysis) a calibration curye 
was employed. 


, ; : total volume of solution 
Mg. P in sample = mg. P in aliquot X 


S 


volume of aliquot used 
Total Base 


mers , titer X normality of acid X total volume of solution 
Milliequivalents total base = —— 


volume of aliquot used 


mM Ca = (mg. Ca in enamel or dentin) /40.08 
** POs = (mg. inorganic P in enamel or dentin) /31.02 
** CO; = (mg. CQ; in enamel or dentin) /60.01 
“* &% Ca, PO;, COs, or total base = (mm Ca, PQ,, COs, or total base X 100)/mg 
weight of dry, fat-free enamel or dentin 
Ca:PQO, ratio = mm Ca:mm PO, 
mM residual Ca = mm total Ca minus mm CO; 


Il 


total base nie : total base minus mm C0; 
= = milliequivalents = 
Residual Ca: PO, = mm residual Ca:mm PO, 
total base: 2PO, = milliequivalents residual total base: 2 mm PO, 
PO,:2CO; = mm PO,:2 mm CO; 


Milliequivalents residual 


The POy:2CO; = n in the usual way of representing the inorganic com- 
position of bone and teeth [Ca3(PO,)2],{CaCOslio (7, 8) when the molar 
ratio of residual Ca:PQO, is 1.50. This holds true also when the residual 
Ca:PO, molar ratio is more than 1.50 if we take the CaCO; as unity. The 
formula in this case would be [Ca3(PO,)2],{CaCOs3o[CaX],.. When the 
residual Ca: PO, molar ratio is less than 1.50, we have the type of formula 
represented by (Ca3(PO,)2},{CaCOs]i o[(CaHPOx]x and n is then overstated. 

The mean results of the enamel and dentin analysis were evaluated by 
the statistical methods of Fisher (22) as applied to small samples. P 
represents the probability that the difference between two means is due to 
chance. When P has a value less than 0.05, the difference between two 
means is statistically significant. 


Weight Changes 


The weight changes, including the initial and final weights are given in 
Table II. Both in the absence and in the presence of vitamin D, Diet D 
gave the best growth. This is in harmony with the fact that dietary cal- 
cium to phosphorus ratios between 1.0 and 2.0 are optimum for best 
growth (1-3). The absence of vitamin D gave better growth in Group C 
than in Group D, and in the presence of vitamin D, the reverse was the 
case. In previous experiments (5) better growth was obtained in Group B 
than in Group C, since the phosphate level was 0.32 per cent instead of the 
present 0.12 per cent. 
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curve The influence of vitamin D was greatest in Group C. In Group B, 
there was a reduction which again may be explained on the basis of the 
'  yelatively high calcium-low phosphorus ratio. On such diets vitamin D 
diverts the available phosphorus from the soft tissues to the bone. In 
Group D, in which growth was greatest, the addition of vitamin D had no 4 
significant effect. In the absence of vitamin D the rickets produced in i 
ution Group B were severe and in Group C mild. i 
TaBLe IV | 
Composition of Serum in Relation to Diet (Mean Values) a 
—— 
Dietary group ce P CO: \Ca X P '\Ca: PO, ioe oes 
mg i 
mg. per mg. per vol. per molar mola molar 4 
cent cent cent ratio rati ratio oy 
Experimental B 11.7 | 2.1 | 60.6 23.1) 4.32 | 0.025) 7.67 
ue CO; period, 30 days © 5.6 Oe) ee 41.8 0.58 0.101 0.029 
D 9.4 4.7 | 58.0 44.1) 1.55 | 0.057) 1.18 4 
B+ vitamin D (| 13.3 | 3.4 | 62.6) 44.9 3.03 | 0.039 7.67 i 
C+ * = 8.8 | 8.4 | 57.6 | 74.2, 0.81 | 0.108 0.029 ¥ 
D+ “ “ | 11.1} 6.0) 56.0 | 65.8 1.43 | 0.076 1.18 i 
Reference 11.2 | 9.5 | 47.6 | 105.8) 0.92 | 0.148 ; 
— Experimental B 12.3 | 1.8 | 54.1 | 22.2) 5.30 | 0.024 7.67 
nolar period, 45days C 5.1 4.9 | 57.7 | 25.0) 0.81 | 0.062) 0.029 
idual D 10.0} 2.6 | 50.6 | 26.0) 2.98 | 0.037) 1.18 i 
The B+ vitamin D (| 15.0) 3.4 57.6) 51.0 3.42 0.043 7.67 
» the Ceo = 8.9 | 5.2| 56.2 | 46.4| 1.33 | 0.067 0.029 
- D+ zi a 11.2} 4.6 | 55.6 | 51.5) 1.89 | 0.060 1.18 
mala Reference 10.9 7.7, 53.9 83.8 1.10 | 0.104 i 
ated. ——— santa eisai ae a ef 
d by 4 
eo Composition of Blood, Enamel, and Dentin 4 
ine nae: | 
ue to Blood Serum and Diet—The results obtained from the analysis of the i 
° ia he) r ry . . . . . eH 
1 two blood sera are presented in Table IV. There is a direct relationship in the 4 
; : . : ‘ ed ‘ 1 
order of magnitude of serum Ca:PO, and dietary Ca:P ratios. There is 
S “ 2 
an inverse relationship in the order of magnitude of serum PO,:CO, and | 
dietary Ca:P ratios. Vitamin D raised the Ca X P product in all cases, i 
en In the per cent rise being more in that member of the calcium-phosphorus Wl 
iet D 


pair which was low compared to the normal, but did not completely over- 
y cal- come the influence of the diet. For this reason the differences between the 8 


Cen 


best maxima and minima in the Ca: PO, and the PO,: CO; ratios are less, though 1 
up C still in the same order as in the absence of vitamin D. These relationships 1 
s the confirm, even more definitely, the results of previous investigators (1-6). , 
by Deposition of Inorganic Components As Indicated by Percentages Present 
i tne 


It is evident from Table V that the density of calcium, carbonate, and total 
base is decisively higher in the enamel than in the dentin in all cases. 
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The density of phosphorus is higher in all but two cases. This confirms 
previous work indicating higher density in enamel (19, 23-26). Dietary 
calcium, phosphorus, and vitamin D were not decisive in influencing the 
density of either enamel or dentin, though in the long term experiment the 
carbonate was highest in Group B and lowest in Group C. 

Enamel, Dentin, and Blood Serum—The composition of enamel and den. 
tin in relation to blood serum and diet is given in Table VI and the statis. 
tical evaluation of the data in Table VII. One is impressed by the fae 
that the differences that existed in composition were magnified in the long 
term experiment. The PO,:CO; ratios in dentin and enamel arrange then. 


CORRECTION 


In the article on page 1103, Vol. 176, No. 3, December, 1948, substitute the fol 
ing Tables V and VIII. 


TABLE V 
Composition of Enamel and Dentin (Mean Values) 
The results for total base are given in milliequivalents per cent X 100; for Ca, POs, and COs; in ma pe 


x 100. 
Enamel Dentir 
Dietary group 
‘base | C# | POs | COs | Taet| Ca | PO 
Experimental B 200.0 96.6 50.6 12.12 124.3 61.2 43.6 
period, 30 C 199.5 94.3 55.6 6.05 111.3 54.1 39 
days D 224.2 108.9 56.0 10.56 118.7 58.5 45.1 
B + vitamin D 149.0 71.5 40.8 8.40 116.8 57 41.5 
C+ a = 166.3 80.3 46.4 6.30 117.5 58.2 44.9 
D + a ree 186.0 S7-3| Bi 8.63 | 119.2 | 59.0 14 
Reference 219.0 105.2 47.8 7.38 125.3 59.6 15.2 
Ex perimental B 181.4 90.1 45.2 6.10 133.8 66.6 14 
period, 45 C 196.2 95.5 51.5 3.34 124.6 61.5 44 
days D 188.6 93.5 46.4 3.92 143.0 68.1 50) 
B + vitamin D 188.5 93.2 50.3 6.95 130.8 64.4 16. 
C + 4 ¥5 198.3 98.5 55.1 3.97 132.3 65.4 18.1 
D4 . se 191.6 94.7 47.9 4.22 135.4 67.2 7 
Reference 169.4 84.5 49.8 7.45 124.6 61.2 { 


selves in the same order as the serum PO,:CO; ratios for the three groups 
not receiving vitamin A. The same holds true for the three groups re- 
ceiving vitamin D. When all six groups of the short term experiment are 
arranged in the order of magnitude of serum PO4:COs3 ratios, the PO,:C0; 
ratios in both dentin and enamel follow the same order. In the long term 
experiment the dentin and enamel PO,y:CO; and serum PO,:COs ratios 
do not show the same pattern as in the short term experiment when all 
six groups are arranged in order of magnitude. This may be indirect 
evidence that vitamin D has an influence. Statistically, the most signif- 
cant differences are between the two extreme groups; namely, Group B 
(high calcium-low phosphorus) and Group C (low calcium-high phosphorus). 
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The PO,:CO3 ratios of the enamel in all cases are lower than of the cor- 
responding dentin. The difference was most marked in the high calcium- 
low phosphorus group (Diet B) and least in the low caleium-high phos- 
phorus group (Diet C). In fact the differences in the absence of vitamin D 
for this group were not statistically significant, though all other differences 
were statistically significant for corresponding enamels and dentins. In 
this connection one can point out that the differences in composition be- 
tween enamel and dentin of humans and dogs (26) and rats (27) may be 
due to the particular diet given rather than to species differentiation. 


TaB.Le VI 
Composition of Enamel and Dentin in Relation-to Blood Serum and Diet (Mean Values) 
The results represent molar ratios. 

















Serum Enamel Dentin 
Dietary group pe 3 = e = “ = 
| & re = ° = ° 
5 & 5 & 5 = 
Experimental B | 7.67 | 4.32 | 2.51, 1.92 | 2.08 | 1.41 | 4.40 
period, 30days C | 0.029 0.58 | 10.10 1.68 4.60 1.38 5.43 
D | 1.18} 1.55 | 5.86 1.95 | 2.65 | 1.31 | 5.15 
B+vitaminD | 7.67 | 3.03) 3.94 1.75 2.43 1.38 | 4.60 
C+ <“ € | 0,029) 0.81 | 10.80 1.74 3.68 | 1.29 | 5.98 
D+ « «© | 14g | 1.43 | 7.75 1.70 3.00 | 1.36 | 5.41 
Reference | | 0.92 14.80 2.20 3.25 1.31 | 6.56 
Experimental B | 7.67 | 5.30} 2.41) 1.99 3.71 | 1.51 | 5.47 
period,45days C | 0.029, 0.81 | 6.15 1.85 | 7.72 | 1.41 | 9.31 
D | 1.18 | 2.98 | 3.72 2.01 | 5.92 1.36 | 6.87 
B + vitamin D | 7.67 | 3.42) 4.27 1.86 3.62 1.39 | 5.55 
C+ * “| 0.029, 1.83 | 6.70 1.77 | 6.94 | 1.36 | 7.97 
D+ “ ¢ | 1.18] 1.89] 5.99) 1.98 | 5.67 | 1.41 | 7.27 
Reference | 1.10 10.40 1.68 3.34 | 1.39 | 4.88 





* X 100. 


Not until we understand the influence of diet in a given species can we dis- 
cuss the differences between enamel and dentin as characteristic of 
different species. 

Though Ca: PQ, ratios of serum undergo wide variations, in the enamel 
and dentin the ratios undergo no corresponding variations. Statistically 
there were significant differences in the two extreme groups; namely, the 
high calcium-low phosphorus and the low calcium-high phosphorus group 
(Diets B and C). In the short term experiment these differences were so 
only in the enamel, while in the long term experiment they were true for 
both enamel and dentin. In our earlier studies on bone (6), significant 
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differences were obtained only between the two extreme diets (Diets | 
and B) in the absence of vitamin D. 

The Ca: PO, ratio in the enamel is significantly higher, in all cases, thay 
the ratio for the corresponding dentin. This would imply that if we 9 
sume the apatite formula, [Ca3(PO.)s],{CaX], X, in addition to carbonate 
must have some other radical in the enamel, possibly citrate, which wa 
reported (28), or fluoride, and in the dentin it must be some phosphat 
probably HPO; (6, 29). 

The ratios of residual total base to 2PO, and residual Ca: PO, are give 


TABLE VII 
Statistical Evaluation of Ratios Presented in Table VI (P Values 
alues are less than the numbers shown. 


AllP v 
Serum Enamel Denti 


Line 





No. Dietary group ~ 4 = 3 
Experimental period, 30 days 
] B vs. C 0.01; 0.01; 0.02, 0.02) 0.4 | 0.02 
2 D 0.01) 0.01; 0.9 | 0.05; 0.01; 0.2 
3 Gy tte #8 0.01; 0.01) 0.2 | 0.05) 0.02) 0.6 
4 B + vitamin D vs. C + vita- | 0.01 0.01 0.6 0.1 | 0.02 0.01 
min D 
5 B + vitamin D vs. D+ vita- | 0.01 0.01 0.70.5 0.6 0.02 
min D 
6 C + vitamin D vs. D + vita- | 0.01) 0.1 | 0.9 | 0.5 | 0.2 | 0.2 
min D 
| B vs. B + vitamin I 0.05, 0.05, 0.2 | 0.2 | 0.2 | 0.5 
8 Gf Cb ci t O61! O26: | 6:7 | OS 1'0:05)'0:2 
9 py +s es = OG. OL. PO eer Oss O28 
10 Reference vs. B 0.01) 0.01] 0.5.) 0.2 | 6.02) 0:01 
11 “ sie © Oo POeer O22 Oss 1 O.t | O52 
iM = <525) 0.01/ 0.01; 0.6 | 0.4 | 1.00. 0.1 
13 is ‘ B+ vitamin D | 0.01) 0.01 0.2 | 0.3 | 0.05 0.01 
14 os “« C+ as O52 | 0.01) 6:3 | 0.7 | Or7 | OLS 
15 se «* p+ id = 0.01; 0.01; 0.2 | 0.9 | 0.4 | 0.2 
16 B 0.01 0.01 
17 C 0.01 0.3 
18 D 0.01 0.01 
19 B + vitamin D 0.01 0.01 
20 gue “ “ 0.01. 0.01 
91 D+ “ “6 0.01 0.01 
22 Reference 0.02 0.01 
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TaBLe VII—Concluded 








Serum Enamel Dentin Enamel ts 





dentin 
os Dietary group - a . S . 5 k 5 
= o S os S = S <1 
gigialégialslalé 
Experimental period, 45 days 
1’ | Bos. C 0.01 0.01 0.01 0.01 0.02 0.01 
Grp te ee “Dy 0.05 0.01 0.9 0.01 0.05 0.02 
ei = * 0.01 0.01 0.05 0.05 0.8 0.02 
4’ B+ vitamin Dvs. C + vita- 0.05 0.01 0.9 0.01 0.6 0.01 
min D 
5’ | B+ vitamin D vs. D + vita- | 0.1 | 0.8 | 0.2 | 0.01 0.8 0.1 
min D . 
6’ C+ vitamin D vs. D + vita- | 0.01) 0.6 | 0.01 0.05 0.4 0.3 
min D 
7’ | Bus. B + vitamin D 0:2) &2 | 0.2) 0:8 | 0.1 | 0.9 
Sic" ey “ * | 0.01) 1.00 0.8! 0.4 0.7. 0.2 
7” |; D“* D+ 0.1 | 0.1 | 0.7 | 0.6 | 0.5 | 0.1 
10’ Reference vs. B 0.01, 0.01, 0.02 0.2 0.02 0.3 
11’ = ee 3 0.01, 0.01, 0.2 | 0.01 0.4 0.01 
12’ si ili! 9 0.01 0.01) 0.01 0.01 0.6 0.01 
13’ sh ‘* B+ vitamin D | 0.01; 0.01; 0.1 | 0.38 1.0) 0.01 
14’ & "C= a ** | 0.01) 0.01; 0.3 | 0.01, 0.2 | 0.01 
15’ as “D+ “ “* | 0.01) 0.01) 0.01) 0.01; 0.8 | 0.01 
16’ | B 0.01 0.01 
7’ 1 0.01 0.2 
18’ | D 0.01 0.05 
19’ | B + vitamin D 0.01 0.05 
20' | C + ae es 0.01 0.02 
21’; D+ 0.01 0.05 
22’ | Reference 0.01 0.01 


in Table VIII. It is evident that the ratios are still above 1.50 for enamel 
and below 1.50 for dentin. Thus the differences cannot be accounted for 
on the basis of the high carbonate content of the enamel. 

Another point worth mentioning is that the difference between total base 
and calcium is not as great as that in bone (6). 

Some differences in the two reference groups, shown in Table VI, need 
to be pointed out. The Ca:PO, ratio of the enamel and of the dentin is 
much higher in the first reference group than in the second. The rats in 
the two reference groups were raised about 10 months apart and differences 
in them may be accounted for by the fact that the stock diet used (14) 
is made up of dried milk, crude casein, yellow corn, alfalfa, cottonseed 
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meal, brewers’ yeast, and salt. Each one of the components, except the 
salt, can undergo wide variations in composition from batch to batch anj ) 
thus may cause changes in the fluids that feed the embryo (of which pry. 
tically nothing is known at the present time) and in the composition of the 
mother’s milk, which is known to undergo change (30). 


TABLE VIII 


Tasce VIII 
Comparison of Residual Total Base (T.B.) to POs and Residual Ca to PO4 of Enamel and Dentin (Mean } 


nea es i vf 


Enamel Dent 


PO« 
POs 





Dietary group jas pss 5 _= a = : is 
3a) 3.| 8 | 6 | Sa | Salou |S | 8 |S | Ze 
oe 1et om 8 cs = Bag o) sein Za > Sia 
Lei gO = 3 4 O ge wo = fim 
x ~ x O ~ 4 Z o ss ~ ig 

Experimental period, 30 days 
m.eq mM me mM 
t.eq. ] . a -E(). 5 ; 

per cent ad molar molar | molar molar per cent per mola 

x 100 cen ratio ratio ratio ratio x 100 cen ratt 

, x 100 : x 100 
B 94.0 84.5 1.97 1.92 1.86 1.67 57.2 §6.2 | 1.43 | 1 
C 93.7 88.2 1.79 1.68 1.69 1.59 52.1 50.5 | 1.42 | 1.38 
D 101.5 98.3 2.00 1.95 1.81 1.76 55.0 54.1 hae; 1.38 | oa 
B + vitamin D 66.1 63.1 1.82 1.75 1.62 1.54 53.9 52.8 1.41 1.38 | 1.30 
C + = © 76.9 74.0 1.79 1.74 1.66 1.60 55.0 54.4 1.31 1.29 | 1.2 
D+ FS r 84.4 78.7 1.81 1.70 1.63 1.52 55.5 54.9 | 1.35 | 1.34 | 1.2 
Reference 102.1 97.8 2.29 2.20 2.14 2.03 59.2 56.1 1.39 | 1.31} 1 

Experimental period, 45 days 

B 84.6 84.0 2.00 1.99 1.87 1.86 62.9 62.6 | 1.52 ) 
C 94.7 92.7 1.90 1.85 1.84 1.80 59.9 58.1 1.41 j 
DD 90.2 89.6 2.03 2.01 1.94 1.93 67.9 64.4 1.42 1.36 
B + vitamin D 87.3 86.2 1.87 1.86 ee 1.72 61.2 60.2 1.40 1.39 
C + — 95.2 94.5 1.80 1.77 1.7 1.71 63.2 61.4 1.38 1. 3¢ 
D+ = 91.6 90.5 2.00 1.98 1.91 1.89 64.5 64.0 1.44 i 36 
Reference qea 77.0 1.70 1.68 1.55 1.55 57.8 56.7 1.40 | 1.39 3 4 


T.B. = total base. 


DISCUSSION 


It is evident from these experiments that there is a relationship betwee 
the PO,:CO; ratio of blood serum and that of enamel and dentin; this 8 
illustrated in Table IX. For enamel and dentin the PO,: CO; ratio in thos 
groups without vitamin D follows that for serum. The same holds true 
for those groups given vitamin D. These three groups are arranged in 4 
descending order of dietary Ca:P ratios. Thus the relationship of diet 
blood, and teeth is evident. This relationship, in the 30 day experimett, 
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between blood and teeth is complete. In the 45 day experiment, however, 
we must segregate the vitamin D-fed groups from the non-vitamin D 
groups. Vitamin D may manifest an influence that is evident only in the 
older animals. The effect of vitamin D is not as great on the tooth PO,: 
CO; ratios as one might expect from the changes in the serum PQ,:CO; 
ratios. In this connection it is worth mentioning that the density of neither 
enamel nor dentin was influenced by vitamin D. The rate of turnover of 
isotopic calcium and phosphorus in the teeth is not markedly influenced 
by vitamin D (12, 13). This points to an important difference between 
tooth and bone; namely, that in bone vitamin D exerts a marked influence 
on the POs: CO; ratio, density of calcification, and rate of turnover of cal- 
cium and phosphorus (5, 6, 12, 13). However, it was possible to demon- 


TaBLe IX 
Relation of Enamel, Dentin POs:2CO3, and Blood Serum POs:CO3 (Mean Values) 
Group Reference B D Cc B D Cc 
Vitamin D.... —_ = — + + re 


Experimental period, 30 days 


Serum X 1000. 


148 20.1 58.6 101 39.4 42.5 LOS 
Enamel X 100.. 325 | 208 265 460 243 300 368 
Dentin X 100. 656 | 440 515 543 460 541 598 
Experimental period, 45 days 
Serum X 1000 104 24.1 37.2 | 61.5 42.7 59.9 67.0 
Enamel X 100...... 334 371 592 tiz 362 567 694 
555 727 797 


Dentin X 100.. 488 547 687 931 


strate histological changes in teeth due to lack of vitamin D on a high 
caletum-low phosphorus diet analogous to that found in bone (31-37). 
POs:CO; ratios in enamel are in all cases lower than in dentin. The 
difference was most marked in the high calcium-low phosphorus group 
(Diet B) and least in the low calcium-high phosphorus group (Diet C). 
Logan reported (26) that human enamel has a lower carbonate content 
than human dentin, whereas the carbonate contents of dog enamel and 
dentin were nearly equal. Bremer (38) found more carbonate in dog 
dentin than in dog enamel. He also found differences in regions of the 
enamel and dentin of a single human tooth. Armstrong and Brekhus (24) 
reported higher PO,: COs ratios in the enamel than in the dentin of human 
teeth. In view of the above findings with rats, one can point out that 
the differences in composition between enamel and dentin may be due to a par- 
ticular diet rather than to species differentiation. That more than one type 
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of composition of dentin exists in a given species is indicated by the find. 
ings of Bale et al. (39). They found that on heating dentin to 900° some 
samples gave the apatite pattern, while others had the 8-Ca;(PO,), lattice. 
Not until we understand the influence of diet in a given species can we dis. 
cuss the differences between enamel and dentin as characteristic of varioys 
species. 

The variations in PO,:2CO; ratios in the different groups, which js g 
measure of n in the apatite formula, [Ca3(POx4)2|n{CaCOs], in these teeth, 
is far greater than those hitherto encountered in bone. In enamel this js 
from 2.08 to 7.72 and in the dentin from 4.40 to 9.31. In bone the widest 
spread hitherto found has been 1.86 to 3.33 (6, 9, 40). The question arises 
as to whether with longer experimental periods (over 45 days) the spread 
of n would not be even greater. 

The Ca: PO, ratios? of the enamel are distinctly higher than those of the 
corresponding dentin in all dietary groups (see Tables VI to VIII). Such 
differences were not found in the reported analyses of human teeth, most of 
which are given in Armstrong’s review (41), nor in dog teeth (26). Thi 
ratios of residual total base to 2PO, (Table VIII) are all higher than 1.50 
for enamel and less than 1.50 for dentin. Our x-ray diffraction studies 
indicate that apatite is the main lattice in both the enamel and dentin of 
such teeth. This would imply that in enamel for the apatite formula, 
[Ca3(PO,)2},{CaX], X must have some other radical in addition to car- 
bonate, which may be hydroxyl or possibly citrate (28) or fluoride. For 
dentin, X is some phosphate, probably HPO; (6, 29). We hope that x- 
ray diffraction studies, which are in progress, may throw further light on 
this subject. 

While Ca: PO, ratios in serum undergo wide variation, no such wide vari- 
ations are found for Ca:PO, or residual Ca:PO, in enamel and dentin. 
On the whole, the ratios in Group B were higher than those in Group C. 
In this connection one may note that the variations in Ca: PO, ratios in 
bone are relatively slight and were significant only between Groups B and 
C in the absence of vitamin D (6). It may be concluded that the PO,:C0 
ratios in bone and teeth are characterized by large variations, whereas the 
Ca: PO, ratios are characterized by slight variations. 


2 It must be emphasized that all through these analyses a ground-up bone sample 
was periodically analyzed with approximately the same amounts of solid and by the 
same methods as in the case of enamel and dentin. In each instance we obtained the 
same residual Ca:PQO, ratio, which was between 1.51 and 1.52. The theoretica! 
residual Ca:PQ, ratio is 1.50 for [Ca3(POx,)2],{CaCO;]. Thus the changes in Ca:P0 
and residual] Ca:PO, ratios must be taken as valid. 

3 Sobel, A. E., Hanok, A., Kirshner, H., and Fankuchen, I., unpublished exper 
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In Table X, data from Experiments 112 and 117 of Logan and Taylor 
were recalculated (42). It may be noted that for a 33 per cent increase in 
the PO,:CO; ratio of the initial liquid composition the ratio of the solid 
increased 41 per cent. For a 33 per cent increase in the Ca:PO, ratio 
of the initial liquid, the ratio in the solid increased 3 per cent, and the 
residual Ca:PO, ratio underwent no change at all. These studies are 
fragmentary and by no means conclusive; nevertheless they may be taken 
as clues explaining the relative constancy of Ca:PO, ratios in teeth and 
bone and the wide variations in the PO,:CO; ratios. A systematic in- 
vestigation of the inorganic precipitates formed in the presence of various 
amounts of Ca, POs, and CQ; ions is needed to understand fully the rela- 
tionships found between the composition of teeth and bone and blood 
serum. 


TABLE X 
P0,:2C0; and Ca: PO, Ratios of Liquid and Solid (Calculated from Data of Logan and 
Taylor (42)) 





PO,:2COz Ca: POs 





Experiment No., Logan and Taylor (42) ................. 112 117 112 117 











molar ratio molar ratio molar ratio molar ratio 


BINNIE ooo sb so cas ea ea abemens 2.39 1.79 1.00 1.33 
“at end of 20 days 5 axa pened 1.00 0.17 0.0035 | 0.0094 
Ppt. at end of 20 days......... ee tee Re 4.71 3.35 1.54 1.59 


1.44* 1.44* 


* Residual Ca: PO, ratio. 

The relationships established in these studies were found in the continu- 
ously growing incisors of rats. The question naturally arises as to whether 
molars and incisors of species which do not have continuous growth would 
behave in a similar fashion. The full answer cannot be given at present 
owing to lack of sufficient evidence. Experiments with isotopes indicate 
a turnover in even fully erupted molars (11-13). It is our contention that 
during the period of most active calcification of molars (or of incisors that 
do not grow continuously) the same laws must essentially hold true. As 
permanent teeth become more completely calcified, equilibrium with the 
body fluids slows up to such an extent that only minor changes can be ob- 
served. It is our hope that by controlling the diet of a species that has 
secondary dentition during the period of active calcification of the second- 
ary teeth we will be able to put the above contention to experimental test. 

An exact quantitative relationship between the composition of blood and 
teeth cannot be expressed at present, since this would involve a knowledge 
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of the activities of the tooth-forming ions at the site of deposition. } is f 
would also require knowledge of the exact relationship between composition ) wel 
of the solid and the ionic activities of the ions that form the solid. Suc die 
knowledge is not yet available. These experiments, however, do indicate opt 


that the composition of serum is one of the controlling factors. Another sto 
factor is one which affects diffusion to the site of deposition. Vitamin) — qué 
and age may play a part in the permeability of the membrane interposed exa 
between blood serum and growing teeth. Various “‘local factors” may alg teet 


be instrumental in changing the composition of the fluid. Enzymatic fae. mig 
tors have been shown to play a part in calcification of bone (43-45). Ey. shit 
periments on calcification of bone in vitro have shown that a minimal still 
Ca X P product is required for deposition (46). This minimal Ca XP ser 
product was lowest in embryonic rabbit bone (47). In rachitic animak, — inot 


a higher product was necessary for new calcification, and the more pro. | con 
longed the rachitic period the higher the product required (48). In rickets seri 
due to beryllium and strontium the required product is much higher (49, T 
50). The experiments with rickets due to strontium indicate a reversible like’ 
injury to a “local factor,” enzymatic in nature and other than phosphatase. — dent 
The more recent experiments of Gutman et al. (45) indicate that the enzyme _—_ (55, 
system for ‘‘phosphorylative glycolosis” is important in the calcification of _ tiall 
bone cartilage. From this discussion, it is evident that the “local factors” — are | 
must be considered in the deposition of lime salts. ‘Local factors” in | deal 
themselves operate within the limits prescribed by physicochemical laws, | be s 
because in each case a minimal Ca X P product is required. The compos- | that 
tion of bone is a reflection of the composition of serum (6), and the same | tern 
holds true for teeth, as shown in these experiments. As yet the validity that 
of a minimal Ca X P product for a given tooth has not been experimentally | the 1 
proved, but in view of the changes in composition, which indicate a phys | etic 
icochemical mechanism, it is likely that the “local factors’’ in teeth requirea | Teme 
minimal Ca X P product. That “local factors” do have an influences It hs 
indicated by the difference in composition between enamel and dentin —_ Prese 
There should be no differences if only humoral factors are effective. full 

It is possible that in addition to the Ca and P content other components the ¢ 
of the diet will have an effect on the composition of the tooth. This may leave 
happen either by affecting the concentration or the diffusion of Ca, PO, woulc 
and COs across the body membranes or else by altering the nature of the than 
“local factors.” There is some evidence that dietary nutrients must ply | ‘ype 


a part in the calcification of teeth and probably have a rdle in affecting Da 

composition. The importance of vitamins A and C for the proper develop | that. 

ment of the organic matrix and that of vitamin D for proper calcificatiot | th 

have been repeatedly emphasized. The subject has been reviewed by , 
ri 


Armstrong (51). Pincus has shown that an essential amino acid, tyrosilé, 
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is present in appreciable amounts in enamel protein (52). The diets which 
were used in these experiments are essentially modified rickets-producing 
diets and are not complete because, by adding vitamin D and sufficient 
optimal amounts of Ca and P, the rate of growth is still not that of the 
stock diet. It has been pointed out that rickets-producing diets have inade- 
quate amounts of lysine (53). It is quite possible that on a different diet, for 
example one rich in all the essential amino acids, the composition of the 
teeth would have been different, since both the humoral and local factors 
might have been influenced. It is our contention, however, that a relation- 
ship between the PO,:COs; ratios of serum and enamel and dentin would 
still exist, though possibly shifted to a higher or lower level. These studies 
serve to introduce the concept of the variability of the composition of the 
inorganic portion of teeth in relation to blood serum and diet, and will be 
continued. All of the factors that influence the composition of teeth merit 
serious attention. 

The factors that influence the composition of enamel and dentin are 
likely to be of fundamental importance in understanding the problem of 
dental caries. Reports by Logan and Taylor (54) and by Dallemagne et al. 
(55, 56), indicate that the carbonate content of bone salt can be preferen- 
tially dissolved by dilute hydrochloric or citric acids. ‘Hence, bone salts 
are a simple physical complex of phosphate and carbonate. If we were 
dealing with carbonato-apatite, the two constituents...could not possibly 
be separated by using the same chemical methods” (56). From the fact 
that the acid-extracted bone residue before heating gave the apatite pat- 
tern and after ignition at 900° gave the B-Ca3(POx,)2 pattern, they concluded 
that the main structure is a-Ca3(PO,)2-2H.O admixed with CaCO;. When 
the two are heated together at 900°, apatite is obtained (56). The theo- 
retical conclusions may be questioned, since treatment with acids (which 
remove the carbonate) may have also caused production of CaHPQ,. 
It has already been established that hydroxyapatite when ignited in the 
presence of CaHPO, is converted to 8-Ca;(PO,)2 (29). Regardless of the 
full validity of the theoretical conclusions, the important fact remains that 
the carbonate portions of bone salts can be dissolved under conditions that 
leave the phosphate practically intact. If this holds true for teeth, it 
would indicate that teeth high in carbonate are more soluble in dilute acids 
than teeth low in carbonate, and are therefore more susceptible to at least one 
type of caries. 

Dallemagne et al. (56, 57) report, on the basis of optical methods only, 
that the mineral fraction of dentin and cementum from teeth is the same 
as that of bone. Enamel prisms consist of real carbonatoapatite. The 
interprismatic substance consists of organic matter impregnated mostly 
with a-Ca3(PO,).-2H.0. Dallemagne and Melon showed that the inter- 
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prismatic substance (presumably a-Ca;(PO,)2-2H2O) may be preferentially 
dissolved by salicylic acid (58). They did not exclude the possibility tha 
the a-Ca3(PQO,)2 is, in turn, admixed with CaCO; to varying proportions 
Thus one may envision a portion of the carbonate as the Achilles hee] 9 
the tooth, while that portion that goes into the carbonatoapatite js th 
resistant portion of the tooth. Further investigations are required to de. 
termine to what degree the diet influences the proportions of carbonato. 
apatite and adsorbed CaCO; in the tooth. 

We hope that other investigations in progress will help to show the p. 
lationship of the present studies to caries. 


SUMMARY 


1. Experimental evidence is given for part of the hypothesis of th 
authors that there is a relationship between the composition of teeth and thy 
fluid from which the tooth salts precipitate and that the composition of this flui 
in turn is related to the blood serum. It was possible to show relationship 
between blood serum and the composition of the upper incisor of the white 
rat. 

2. PO,:CO; ratios of enamel and dentin are related to POs: CO; ratios in 
serum. 

3. PO s:CO; ratios of dentin are in all cases higher than those of cor- 
responding enamels. The differences are not statistically significant when 
the PO,:CQO; ratios are highest. 

4. In the formula [Ca3(PO,)2]n{CaCO;], n ranges from 2.08 to 7.72 fu 
enamel and 4.40 to 9.31 for dentin in the various experimental groups. 
This is a far greater variation than has hitherto been observed in bone 
under comparable conditions. 

5. The Ca:PO, ratios of enamel and dentin have undergone relatively 
small changes, whereas changes in the ratios for serum are relatively large 

6. The Ca: PO, ratios of enamel are in all groups significantly higher than 
those for the corresponding dentins. 

7. Ratios for the residual total base to PO, and the residual Ca to PU 
indicate that in the formula [Ca3(PO4)o],{CaX] for enamel Y must batt 
some other anion in addition to carbonate. In the dentin, Y, in addition! 
carbonate, must have some phosphate, probably HPO;. 

8. It has been shown that the composition of the diet is reflected in the 
blood serum and that the composition of teeth (just as that of bone) ® 
related to that of serum. 

9. The density of minerals in neither enamel nor dentin is influenced } 
vitamin D. This is in contrast to the observations in bone, in which tle 
density is significantly increased under the influence of vitamin D. 

10. The implications of these findings for the understanding of the me® 
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anism of calcification of teeth and the relation of composition to caries are 


discussed. 
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Knowledge of the composition of ribonucleic acid is based in part on 
elementary analyses and in part on analyses for the constituent purines, 
pyrimidines, easily hydrolyzed ribose, and phosphate. While free adenine 
and guanine are liberated by mild acid hydrolysis and can be determined 
by several methods, the same does not hold for the free pyrimidines. 
The latter are freed only after strong acid hydrolysis under conditions 
which have been demonstrated to convert cytosine in part to uracil (1). 
Since the pyrimidine nucleotides are produced by mild acid hydrolysis of 
ribonucleic acid and form relatively insoluble barium salts, this procedure 
has also been used in estimating their concentration. Analyses of the 
mixture of barium salts for amino nitrogen have given values corresponding 
to 47 per cent cytidylic acid and 53 per cent uridylic acid (2). The yield 
obtained, however, has been estimated to represent a maximum of only 
about 35 per cent of that expected from the statistical tetranucleotide 
theory (3). An examination of other evidence on which this theory of the 
structure of ribonucleic acid is based, as well as a consideration of more 
recent experimental data not in agreement with the tetranucleotide theory 
(4, 5), has stressed the need for a more quantitative method of analysis for 
the pyrimidine components of ribonucleic acid. The production of a 
Neurospora mutant, No. 1298, which requires the pyrimidine ribonucleo- 
sides or ribonucleotides for growth has made possible such a method (6). 
The present paper is concerned with the use of this mutant strain for the 
assay of the pyrimidine ribonucleosides, with a method of fractionation by 
which cytidine can be separated nearly quantitatively from uridine in 
known mixtures, and with the preliminary results obtained by this method 
as applied to certain nucleic acid hydrolysates. 


EXPERIMENTAL 


The method of culturing mutant 1298 and its growth characteristics on 
different pyrimidine compounds have been presented previously (6). A 
comparison of the two methods of determining growth rate, namely rate of 
progression of mycelium on solid medium and dry weight in liquid culture, 
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showed that a higher degree of reproducibility could be obtained with the 
latter procedure, provided the flasks were not shaken during the growth 
period. 

Growth Responses to Cytidine and Uridine—The growth responses t 
cytidine and to uridine were determined by adding varying amounts of eg¢) 
in a 1 ml. volume to 25 ml. of basal medium in 125 ml. Erlenmeyer flasks 
The flasks were autoclaved, inoculated as previously described (6), and 
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Fig. 1. Growth curve of mutant strain 1298 on uridine (CO) and cytidine @ 








placed in an incubator at 25° + 0.2°for72 hours. The contents were poured 


into a Petri dish, and the mycelium pad picked up with forceps, squeezed be | 


tween the fingers, rinsed twice with a small stream of distilled water, and 
lowed to dry between the folds of a paper towel for 3 to 4 hours at 6 
80°. The dry weights of mycelium obtained in this way for differet 
amounts of cytidine and uridine are shown graphically in Fig. 1. 

The growth responses to the two compounds are the same within exper 
mental error when the points on the curves are determined in triplicat 
Under conditions up to about half maximum growth a relatively high degre 
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of precision is obtained. The standard deviations in five replicate deter- 
minations each at average mycelium weights of 30.7 and 15.5 mg. were 0.6 
and 0.4 mg., respectively, corresponding to values for eytidine of 0.58 4 
0.02 mg. and 0.24 + 0.01 mg. It is evident from Fig. | that the greatest 
relative growth response was found when amounts of supplement giving 
less than one-half maximum growth were used. As in other Neurospora 
assays the growth curve is approximately linear up to a dry weight of 
about 20 mg. The relation between weight of mycelium and cytidine or 
uridine over this range is given with an accuracy of from 5 to 10 per cent 
by the equation, cytidine or uridine in mg. = 0.0165 X weight of mycelium 
in mg. 

The volume of solution contaiming the growth supplement may be in- 
creased up to about 5 ml. per 25 ml. of basal medium without significantly 
affecting the amount of growth. Further dilution, however, probably 
causes slightly less growth. Of greater importance is the age of the culture 
used for inoculation. Curves similar to that shown were obtained provided 
the culture was less than about 5 weeks old. Those older than 5 weeks 
gave slightly less growth at the different concentrations of supplement. 

A procedure similar to that used for obtaining the standard curve is 
employed for the assay of an unknown solution. Since growth of the mold 
is inhibited by solutions that are too acid or too alkaline, it is necessary to 
adjust the pH of the basal medium containing the unknown solution before 
autoclaving. A convenient method for doing this is to use bromocresol 
green as an inside indicator and to adjust the pH to 4.5 with acid or alkali 
as needed (7). Sodium chloride or sodium sulfate in amounts up to about 
100 mg. per 25 ml. of basal medium are not inhibitory. The mold, how- 
ever, is highly sensitive to traces of phosphotungstic acid used for the 
fractionation of the purine and pyrimidine components or to traces of heavy 
metals like lead or silver. It is also inhibited by traces of detergents, and 
glassware washed by a detergent solution should be acid-rinsed before 
using. It is usually possible to tell whether or not a partial inhibition 
is present from the type of mold growth obtained. While a single, small 
mycelium mat is present at lower concentrations of growth supplement in 
the absence of inhibition, many small foci of growth are sometimes found 
if an inhibitory substance is present. In other cases partial inhibition 
is indicated by the slimy nature of the mycelium pad. When inhibition is 
suspected, it is advisable to carry out additional assays with smaller and 
larger amounts of the unknown solution. If an inhibitory substance is 
present, the larger volume of the unknown solution usually results in a 
relatively greater degree of inhibition, while the opposite is true if less of 
the unknown is used. — It is desirable, therefore, to show that the same value 
tor cytidine or uridine is obtained at different levels of growth, 
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Cytidine Phosphotungstate— As cytidine and uridine occur together jy 
ribonucleic acid, the use of mutant 1298 for the assay of eithe: compound 
depends on the success with which they can be separated from each othe; 
As cytidine possesses a basic amino group, a number of acids which form 
relatively insoluble salts with organic bases were investigated to determin, 
their usefulness as possible precipitating agents. Of the five acids studied. 
picric, picrolonic, nitranilic, flavianic, and phospho-12-tungstic (8), th 
last gave the most insoluble salt. When sufficient phosphotungstie acid 
was added to a warm cytidine solution in 1 N hydrochloric acid to give g 2 
to 3 mg. per ml. excess, beautifully crystalline prismatic needles of eytidin 
phosphotungstate separated as shown in Fig. 2. A sample recrystallized 
once from 1 N hydrochloric acid and air-dried gave the following analyses: 
HO 8.92, H;PO4-12WO; 78.7, C 5.41, H 1.64 per cent. These compar 








Fig. 2. Cytidine phosphotungstate (magnification about 100 


favorably with theoretical values of H.O 8.78, H,PO,4- 12WOy, 78.2, C 5.85, 
and H 1.72 per cent for (CoH wO5N3)2° H3;PO4- 12WOs- ISH2O. Under sim- 
ilar conditions uridine gave no precipitate with phosphotungstic acid. 
Solubility of Cytidine Phosphotungstate—TVhe solubility of  eytidin 
phosphotungstate in 1 N hydrochloric acid at 0° was determined from th 
supersaturated side by precipitating cytidine in the presence of a 2 to 3 mg 
per ml. excess of phosphotungstic acid. The filtrate was treated with 
excess ammonium chloride in 1 N hydrochloric acid to remove the excess 
phosphotungstic acid, and the filtrate was assayed for cytidine with mutant 


'C and H analyses by Laboratory of Microchemistry, 366 Fifth Avenue, Net 


York. 


2 The solubility of ammonium phosphotungstate in 1 N hydrochloric acid is less 
than 0.002 mg. of nitrogen per ml. as shown by the fact that such a concentration 0! 


ammonium sulfate nitrogen gives a precipitate with phosphotungstic acid under thes 


conditions. 
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1298. An average value of 0.08 mg. of cytidine per ml. of the original 
cytidine phosphotungstate filtrate was found, indicating a nearly quantita- 
tive precipitation of cytidine under these conditions. 

Fractionation of Cytidine and Uridine—The following experiment illus- 
trates the degree of success with which cytidine was separated from an 
equal amount of uridine. To 20 ml. of warm 1 N hydrochloric acid con- 
taining 10 mg. each of cytidine and uridine, 80 mg. of phosphotungstie acid 
dissolved in 5 ml. of 1 N acid were added. A crystalline precipitate of 
eytidine phosphotungstate separated. The suspension was allowed to 
stand in ice in the cold room overnight and was filtered in the cold by 
gravity. To 20 ml. of this filtrate 75 mg. of ammonium chloride dissolved 
in 0.5 ml. of 1 N acid were added. After standing overnight in the cold 
room, the suspension containing ammonium phosphotungstate was filtered 
and 1 ml. aliquots of the filtrate were assayed for activity with the mold. 
An average dry weight of mycelium corresponding to 0.51 mg. of uridine 
was found as compared to the calculated value of 0.47 mg. if the value 
for the solubility of cytidine phosphotungstate given above, is used and it 
is assumed that no uridine was precipitated. Other experiments gave similar 
results indicating that the two compounds could be fractionated by this 
procedure from relatively dilute solutions with a high degree of success. 

Hydrolysis and Assay of Ribonucleic Acid—The original procedure 
attempted for the hydrolysis of ribonucleic acid to ribonucleosides was 
that given by Jones (p. 112 (9)) for the preparation of ribonucleosides. 
Assay of a hydrolysate obtained by this method from a sample of purified 
ammonium nucleate (4) gave a value of 15.2 per cent total pyrimidine 
nucleosides as compared to that of 34 per cent expected for a statistical 
tetranucleotide composed of equimolar quantities of adenylic, guanylic, 
eytidylic, and uridylic acids and containing 10 per cent water, the approxi- 
mate amount found in most samples of yeast nucleic acid. The surprisingly 
low value suggested an incomplete hydrolysis and further experiments were 
carried out to determine the maximum yield of pyrimidine nucleosides 
which could be obtained after heating for various lengths of time up to 8 
hours. Analyses for inorganic and total phosphate were made as well after 
the 4 and 8 hour periods. 

Two concentrations of ammonium nucleate in 2.5 per cent ammonia, 
namely 20 per cent, the concentration used by Jones, and 2.25 per cent, 
were employed in the hydrolysis experiments. In the first case 100 mg. 
samples in 0.5 ml. and in the second 22.5 mg. samples in 1 ml. in small 
sealed Pyrex tubes were heated in an oil bath at 140-150°. In the first 
experiment tubes were taken from the bath at the end of 1, 2, 3, and 4 
hours and in the second at the end of 4 and 8 hours, and their contents were 
removed, diluted with distilled water, and assayed for activity. The 
average values expressed as per cent total pyrimidine nucleoside and as 
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molar ratios of pyrimidine nucleoside to total phosphate are shown jy 
Table I in comparison with the ratio expected from a statistical tet ranucles 
tide. It may be seen that values corresponding to about 20 per cen; 
pyrimidine nucleosides and a ratio of 0.36 moles of pyrimidine nucleosi¢ 
per mole of phosphorus were obtained with the more concentrated ag wel 
as the less concentrated nucleic acid hydrolysates after 3, 4, and 8 hous 
In comparison with the value calculated from the tetranucleotide theory 
the largest value found corresponds to about 78 per cent of that expected 
The difference between the 4 and the 8 hour values in the less concentrated 
sample, 0.39 as compared to 0.36, is not highly significant in terms of thy 
precision of the assay procedure, but the results indicate, in agreement with 


TABLE | 
Total Pyrimidine Nucleosides and Inorganic Phosphate Found after Heating Yeas 
Ribonucleic Acid in 2.6 Per Cent Ammonia at 140-150° for Varying Lengths 
of Time 








Espeinent No, | Tengeijine | ae, | oie | 
nucleosides paospna 
hrs. per cent per cent mole per mole P 
1 1 2.4 0.043 
2 15.1 0.27 
3 20.0 0.36 
4 21.6 0.38 
2 4 21.7 6.72 0.39 
8 


20.0 7.3 0.36 





Statistical tetranucleotide. . 0.50 


In Experiment 1 the nucleic acid concentration was 20 per cent and in Experiment 
14 wor 


2, 2.25 per cent. Phosphorus content of ammonium nucleate used = 7.14 per cent 


baa ) 


other experiments on the stability of the pyrimidine nucleosides in weak | 


alkali, that these compounds are destroyed to a slight extent during the 
longer period of heating. If it is assumed that a similar loss took place 
during the first 4 hours of hydrolysis, the highest value for the ratio 
pyrimidine nucleosides to phosphorus becomes 0.42 in comparison with tle 
theoretical of 0.50. Inorganic phosphate after 4 and 8 hours correspondet 
to 94 and 102 per cent respectively of the total phosphorus, showing thi 
the nucleic acid was not completely hydrolyzed to the nucleoside stage unde 
the conditions used until after 4 hours. 

As adenosine is present in the hydrolysates mentioned above and ® 
known to inhibit the utilization of cytidine and uridine by this stra 
of Neurospora if present in sufficient concentration (10), the low values 
for total pyrimidine nucleosides might be explained on this basis. 40 
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examination of published data (4) for the ratios of guanine and adenine to 
phosphorus in the same nucleic acid preparation, however, revealed that the 
ratio of adenosine found previously to the pyrimidine nucleoside content 
given in this paper was not sufficiently high to result in inhibition provided 
el that this sample of nucleic acid contained approximately equal quantities 
Is of both cytidine and uridine. 
ry A few experiments were performed in which aliquots of hydrolysates 
. prepared after 4 and 8 hours of heating were fractionated by phosphotung- 
ed stic acid to separate the purine components and cytidine from the uridine 
he present. Assays of the resulting filtrates gave values for uridine very 
ith nearly one-half those found for both cytidine and uridine before fractiona- 
tion. These results are therefore in agreement with the older data (2) 
that cytidine and uridine are present in equimolar quantities in yeast 
ribonucleic acid. A number of fractionation experiments on larger samples 
and on other yeast nucleic acid preparations which will be published in a 
subsequent paper® led to the same conclusion. 


SUMMARY 


A method is described for the determination of cytidine and uridine, by 
means of the pyrimidine-deficient mutant strain of Neurospora, No. 1298. 
The method permits the determination of these, pyrimidine ribonucleosides 
over the concentration range from about 0.05 mg. to about 0.6 mg. ina 
volume of 5 ml. or less with a standard deviation of about 5 per cent. 
Cytidine forms a relatively insoluble, crystalline salt with phospho-12- 
tungstic acid, H;PO,-12W0O;-7H,0, having a solubility in 1 n hydrochloric 
acid of 0.08 mg. per ml. (as cytidine) and can be separated from uridine 
in known mixtures with a high degree of success. The assay of hydroly- 
sates prepared by heating samples of purified ammonium nucleate from 
veak | Yeast with 2.5 per cent ammonia at 140-150° for varying periods of time 
the | shows that the concentration of pyrimidine nucleosides reaches a maximum 


ac after 4 hours. The amount found for this preparation was 23.4 per cent or, 
io¢ expressed in relation to its phosphorus content, 0.42 mole of pyrimidine 


:the  _Ducleoside per mole of phosphorus. Fractionation experiments with 
nde) =: Phosphotungstic acid showed that equal amounts of cytidine and uridine 
that Were present. 
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DEFICIENT MUTANT OF NEUROSPORA 
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(Received for publication, June 1, 1948) 


Inhibitions of the growth of organisms by closely related structural 
analogues of several water-soluble vitamins are well known. Similar 
types of antagonism in the case of purine and pyrimidine metabolites are 
those between the purine bases, adenine and guanine, and benzimidazole 
(1) and between barbituric acid and uracil in the growth of Staphylococcus 
aureus (2). In such cases the antagonism is usually considered to be due 
to competition between the analogue and the metabolite in enzyme systems 
where the normal metabolite is involved. 

Antagonisms between two structurally related, naturally occurring 
substances are less common but have been demonstrated to exist between 
amino acids of similar structure (3, 4) and between thiamine and pyridoxine 
(5). A most striking relationship between normal metabolites is that 
reported by Raska (6) in which pellagra was produced experimentally in 
dogs when adenine alone or in conjunction with phosphate was fed in daily 
doses of 400 to 500 mg. An explanation similar to that mentioned above 
for the antagonism between metabolites and structural analogues not 
occurring naturally has also been offered for the closely related natural 
substances. 

The present study is concerned with the inhibition of growth of the 
pyrimidine-deficient Neurospora mutant, No. 1298, by the naturally oe- 
curring purine ribonucleotides and ribonucleosides. This experimentally 
produced strain, unlike the wild type, is unable to synthesize the pyrimidine 
ribonucleosides on a medium containing inorganic salts, carbohydrate, 
and biotin. Normal growth takes place, however, when the medium is 
supplemented with either cytidine or uridine or the corresponding nucleo- 
tides (7). It has been found that adenosine and adenosine-3-phosphate 
(yeast adenylic acid) inhibit the utilization of the pyrimidine compounds 
to a varying degree. An amount of adenine nucleoside which is sufficient 
to inhibit growth completely on the quantity of cytidine used has no 
inhibitory effect on an equivalent amount of uridine. The addition of an 
equimolar amount of uridine to a mixture of cytidine and adenosine in 
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which no growth takes place results in the elimination of the antagonisy 
In contrast to the effect of adenosine and adenylic acid on this mutap: 
strain of Neurospora, adenine shows no inhibitory properties at comparable 
concentrations. A similar inhibitory effect on the utilization of the pyrinj. 
dine nucleosides was found for guanosine and guanylic acid, but large 
amounts of these compounds were required to produce inhibition under th: 
same conditions. Guanine like adenine failed to cause inhibition 
moderate concentrations. 


EXPERIMENTAL 


The growth response of the mold to various concentrations of supple. 
ments and inhibitors as compared to that in the absence of inhibitor wa 
determined from the dry weight of mycelium produced in liquid cultuy 
after incubation for 3 days at 25°. The composition of the basal medium 
the method of inoculation, and the determination of the weight of mycelium 
were the same as previously described (7, 8). The concentrations of the 
pyrimidine derivatives used in the determination of the inhibitory effects o 
the purine compounds were those which produced an approximately half 
maximum growth of the mold. In this range an amount of mold which can 
be readily weighed is obtained, and growth response is most sensitive 
small changes in the concentration of added supplement. The growth o 
the mold was found from the average value of determinations made in 
triplicate. 

Uridylic acid, in the form of the diammonium salt, cytidylic acid, ur: 
dine,! and guanine? were prepared by methods devised in this laboraton 
(9). Guanosine was isolated from yeast nucleic acid as described by 
Levene (10). The cytidine, guanylic acid, adenosine, and adenosine: 
phosphate were commercial samples.’ 

Antagonism by Adenosine and Adenosine-3-phosphate—The effect | 
adenine, adenosine, and adenosine-3-phosphate on the growth activity 
cytidine, uridine, cytidylic acid, and uridylic acid was determined bj 
adding increasing amounts of each purine compound to the basal medium 
supplemented with a constant amount of growth factor. The amount 0 
cytidine or uridine used was 0.5 mg. per 25 ml. of basal medium. Tht 
growth of the mold in the presence of varying amounts of adenine, adent- 
sine, and adenosine-3-phosphate was determined and plotted as the per 
centage of growth obtained in the absence of inhibition. The data {0 


1 Loring, H. S., and Ploeser, J. MeT., unpublished work. 

? Loring, H. S., and Ali, 8. A., unpublished work. 

3 Cytidine and guanylic acid were kindly provided by the National Biochemits 
Corporation, New York. Adenosine and adenosine-3-phosphate were obtained ft 
Schwarz Laboratories, Inc., New York. 
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cytidine and the three purine compounds and for uridine and adenosine 
are shown in Fig. 1. It can be seen that adenosine was twice as inhibitory 
of cytidine activity as was adenosine-3-phosphate. When uridine was used 
as the growth factor, approximately five times as much adenosine was 
required to produce the same degree of inhibition. Free adenine failed to 
inhibit the growth of the mold on cytidine at a concentration equivalent to 
0.6 mg. of adenosine and indeed was slightly stimulatory at some concen- 
trations. Similarly, no significant inhibition of uridine in the presence of 
adenine was observed at a concentration equivalent to 4.0 mg. of adenosine. 








° ° co 
Z100e O55 
ke e % 
z \ S 
(@) — 
S | 
80 | 
z | a 
= —— 
3 
Zz 60 | | 
a ae | 
E40 | 
3 | 
ti | 
& 20+ \ & 
ot % oxo "i 
ae a ee: oe | Pa. 








Qe 04 06 08 10 12 14 18 
CONCENTRATION OF ADENOSINE OR ADENOSINE-3- PHOSPHATE OR - 
ADENINE AS ADENOSINE EQUIVALENTS (MG, PER 25 ML. OF BASAL MEDIUM) 
Fic. 1. The effect of adenine, adenosine, and adenosine-3-phosphate expressed as 
adenosine or adenosine equivalents on the growth of Neurospora mutant No. 1298; 
O adenine, @ adenosine, and 1 adenosine-3-phosphate in the presence of 0.5 mg. of 
cytidine; ™ adenosine in the presence of 0.5 mg. of uridine. 


In the case of cytidylic acid and uridylic acid, the amounts employed to give 
about half maximum growth were 1 mg. of cytidylic acid and 1 mg. of 
diammonium uridylate per 25 ml. of basal medium. Addition of the three 
adenine compounds in similar amounts to those used for the pyrimidine 
nucleosides gave inhibition curves of the same type as those shown in Fig. 1. 
Free adenine as with cytidine and uridine did not affect the utilization of 
the pyrimidine ribonucleotides. The molar ratios of antagonist to metab- 
olite to give 50 per cent inhibition in the case of the four pyrimidine 
compounds and adenosine and adenosine-3-phosphate were calculated from 
the respective inhibition curves and are given in Table I. Of the four 
pyrimidine compounds it may be seen that cytidylic acid was the most 
readily inhibited, the molar ratio of adenosine to cytidylic acid for 50 per 
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cent inhibition being 0.13. In contrast to cytidylic acid, the inhibitio, 
ratio for adenosine and uridylic acid was 0.41. It is evident that adenosine. 
3-phosphate was less inhibitory in all cases than the corresponding nucleo. 
side. Cytidine, like cytidylic acid, was more strongly inhibited thay 
uridine, but each pyrimidine nucleoside was affected to a lesser degree by 
adenosine than was the corresponding nucleotide. 

Antagonism by Guanosine and Guanosine-3-phosphate—An entirely 
analogous situation was found in the case of the guanine c mpounds, 
Guanosine and guanylic acid inhibited the utilization of each of the four 
pyrimidine nucleosides or nucleotides while guanine at comparable con. 
centrations had no effect. The effect of guanosine and guanosine-3. 


TABLE I 
Molar Ratios of Antagonist to Metabolite for 50 Per Cent Inl 





zs Weight metab- ' 
Metabolite olite used per Antagonist 
25 ml. medium 








Cytidylie acid 1 Adenylie acid 0.27 
= = ] Adenosine 0.13 

Cytidine 0.5 — Adenylie acid 0.60 
ee 0.5 Adenosine 0.24 

Uridylie acid 0.86 Adenylie acid 
. fe 0.86 Adenosine 

Uridine 0.5 Adenylie acid 3.20 
°F 0.5 Adenosine L.4 

Cytidine 0.5 Guanosine ). 68 
ae 0.5 Guanylie acid 1.29 

Uridine 0.5 Guanosine 3.0 
% 0.5 Guanylie acid 7.8 





phosphate on mold growth in the presence of 0.5 mg. of cytidine or uridine 
is shown in Fig. 2. It may be seen that approximately twice as much 
guanosine or guanylic acid was required to produce the same amount 
inhibition as for the adenine compounds. Guanine in an amount equiv 
alent to 10 mg. of guanosine per 25 ml. of basal medium did not affect 
the growth of the mold in the presence of 0.5 mg. of cytidine or uridine. 
The molar ratios of guanosine or guanylic acid to cytidine and uridine t 
produce 50 per cent inhibition are also shown in Table I. 

Antagonism in Miztures of Pyrimidine Nucleosides and N ucleotides—The 
surprising difference in the ability of adenosine to inhibit growth on uridine 
as compared to cytidine suggested that the antagonism was involved to® 
different degree in the reactions concerned in the utilization of the tw 
compounds. If the reaction inhibited was the deamination of cytidine t 
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uridine rather than the utilization of cytidine per se, then it should be 
possible to eliminate the inhibition of cytidine by the addition of sufficient 
uridine to avoid the necessity of deamination. It was desirable, therefore, 
to determine the amount of uridine that would cause the reversal of the 
antagonism in an inhibitory mixture of cytidine and adenosine. A series of 
flasks containing 0.25 mg. of cytidine and 0.27 mg. of adenosine in 25 ml. of 
basal medium was supplemented with increasing amounts of uridine from 
0.05 to0.5 mg. The molar ratio of adenosine to cytidine was 1.0, which in 
the absence of uridine produces complete inhibition. The effect of the 





PERCENT OF NORMAL GROWTH 








1.0 20 30 40 5.0 60 70 
CONCENTRATION OF GUANOSINE OR GUANOSINE -3~- PHOSPHATE : 
AS GUANOSINE EQUIVALENTS (MG. PER 25 ML.OF BASAL MEDIUM) 


Fic. 2. The effect of guanosine or guanylie acid expressed as guanosine or gua- 
nosine equivalents on the growth of Neurospora mutant No. 1298; O guanosine, and 
O guanylic acid in the presence of 0.5 mg. of cytidine; @ guanosine, and ™ guanylic 
acid in the presence of 0.5 mg. of uridine. 


addition of the uridine is shown in Fig. 3, A, where the weight of mycelium 
found for each concentration of uridine was plotted against the total weight 
in mg. of cytidine and uridine used as the growth supplement. The curve 
showing the growth of the mold on either pyrimidine nucleoside in the 
absence of inhibitor is also presented. It may be seen that the growth- 
promoting properties of the mixtures were almost completely inhibited 
until the molar ratio of the cytidine to uridine approached 1. When the 
ratio reached 1, the inhibition was strikingly eliminated, and as more 
uridine was added, the amount of growth was approximately that found 
with either cytidine or uridine when no inhibitor was present. As shown 
in the cytidine-adenosine curve in Fig. 1, 0.27 mg. of adenosine in the 
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presence of 0.5 mg. of cytidine, a molar ratio of 0.5, gave 98 per cep; 


inhibition. Thus it is evident that the inhibition was a specific one apj 


that the addition of an equivalent quantity of cytidine instead of uridin. 
would not have overcome the effect of the adenosine. 

An experiment performed with 0.4 mg. of cytidylic acid and 0.18 mg. ¢ 
adenosine, an amount giving complete inhibition, gave a similar eliminatioy 
of antagonism when increasing amounts of uridylic acid were added, |p. 
hibition was nearly 100 per cent when the ratio of uridylic acid to cytidyl 
acid was less than 1, but, when the ratio became 1, inhibition no longer wa; 
observed. In this case when an additional equivalent of cytidyli¢ acid 
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Fia. 3, A. The effect of uridine on an inhibitory mixture of 0.25 mg. of cytidine 
and 0.27 mg. of adenosine in comparison with the normal growth curve on cytidine 
or uridine; O normal growth curve on cytidine or uridine, @ growth curve on cyt 
idine-adenosine mixture with varying amounts of uridine. 

Fre. 3, B. The effect of adenosine on an equimolar mixture of 0.25 mg. of cytidine 
and 0.25 mg. of uridine. 


was added to the 0.4 mg. of cytidylic acid-0.18 mg. of adenosine mixture, 
the amount of growth corresponded to about 95 per cent inhibition. 

In an attempt to reverse the guanosine inhibition of cytidine, increasing 
amounts of uridine were added to a mixture of cytidine and guanosile 
which is completely inhibitory (0.25 mg. of cytidine and 0.5 mg. of guane- 
sine; cf. Fig. 2). The antagonism was also eliminated in this case by the 
addition of an equimolar amount of uridine, 0.25 mg. of the latter permit 
ting growth equal to 82 per cent of that expected from either 0.5 mg. 
cytidine or the same quantity of uridine with no inhibitor added. 

The striking elimination of the inhibition of cytidine by an equimolal 
amount of uridine provided evidence that the antagonism of adenosine Was 
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concerned in a highly specific way with the deamination of cytidine to 
uridine, possibly by inhibition of a cytidine deaminase present in the mold. 
A possible explanation of the antagonism for uridine alone could be the 
blocking of the reverse reaction, the amination of uridine to cytidine. A 
larger amount of adenosine would be required for the blocking of this 
reaction than for the deamination, as shown by the larger amounts re- 
quired to inhibit growth on uridine. If this were the case, one would 
expect the amount of adenosine which inhibits the utilization of uridine 
alone to have no effect on an equimolar mixture of cytidine and uridine, both 
being available for growth. 

To study this question an equimolar mixture of 0.25 mg. of cytidine and 
0.25 mg. of uridine was supplemented with different amounts of adenosine 
from 0.23 to 1.4 mg., and the amount of mold growth determined in each 
case. The mycelium weights expressed as per cent of growth in the 
absence of inhibitor and the amounts of adenosine added are shown graphi- 
cally in Fig. 3, B. When 0.27 mg. of adenosine was used, an equimolar 
mixture of all three components was present, and the growth of the mold 
was not inhibited, as was expected from the curve shown in Fig. 3, A. 
However, as the ratio of adenosine to cytidine and uridine was increased, 
mold growth was inhibited in a fashion similar to that found for uridine 
alone. Thus for 50 per cent inhibition, the same adenosine-uridine ratio 
of about 1.4 was found in this experiment where cytidine was present as 
with uridine and adenosine alone. The effect of adenosine on uridine is 
probably concerned, therefore, with the utilization of uridine for growth 
directly rather than with its conversion to cytidine. 

To ascertain whether the inhibitory effects of adenosine and guanosine 
on a mixture of cytidine and uridine were additive, increasing amounts of 
guanosine from 0.2 mg. to 1.0 mg. were added to flasks containing 0.25 mg. 
of cytidine, 0.25 mg. of uridine, and 0.45 mg. of adenosine in 25 ml. of basal 
medium. This mixture allows about 30 per cent of the normal growth of 
the mold to take place; cf. Fig. 3, B. The addition of the guanosine re- 
sulted in further inhibition. 

To demonstrate that the antagonism observed between adenosine and 
cytidine is a competitive one, 7.e., that a constant ratio of antagonist to 
metabolite will give the same degree of growth regardless of the actual 
concentration of metabolite present, flasks were set up containing 0.25, 
0.50, 0.75, and 1.0 mg. of cytidine per 25 ml. of basal medium. To these 
were added 0.07, 0.14, 0.21, and 0.28 mg. of adenosine, respectively. The 
percentage of normal growth obtained (as calculated from the standard 
growth curve (8)) was approximately the same at each concentration level 
of antagonist and metabolite, 7.e., 8, 6,9, and 7 per cent, respectively. 

Although the antagonism between cytidine and adenosine was also 
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demonstrated to exist in the pyrimidine-deficient mutant of Neurosporg 
No. 263-1895-3a‘ (7), it could not be shown in the wild type which is able 
to synthesize its pyrimidine requirements. In determining this fact 5 mg 
of adenosine were added to 25 ml. of basal medium, and the growth of the 
wild type measured in the usual way. The amount of growth did no 
differ significantly in the presence of adenosine from that found with the 
unsupplemented medium alone. 


DISCUSSION 


The Neurospora mutant No. 1298, unlike its wild type counterpart, fails 
to grow on the basal medium alone but grows when the medium is supple. 
mented with either of the two pyrimidine ribonucleosides or ribonucleo- 
tides. As these compounds are essential constituents of ribonucleic acid. 
it is evident that the failure of growth in their absence is due to a deficiency 
in ribonucleic acid synthesis. Because normal growth is obtained with 
either cytidine or uridine or the corresponding nucleotides, it is also ap- 
parent that the mold can accomplish the amination of uridine with the 
formation of cytidine or the deamination of cytidine to uridine as well as 
the phosphorylations necessary for the formation of nucleic acid from the 
nucleosides. 

The difference in the levels at which cytidine and uridine are inhibited 
suggests that the inhibition of at least two different reactions is involved. 
Evidence that the deamination of cytidine to uridine is inhibited is pm- 
vided by the fact that cytidine was more readily inhibited than uridine and 
because the cytidine inhibition could be readily eliminated by the presence 
of an equimolar quantity of uridine. In the latter instance the conversion 
of cytidine to uridine was no longer required for nucleic acid synthesis and 
the inhibition of this reaction would not be expected to have the same 
inhibitory effect on the utilization of the two compounds for growth. At 
concentrations of adenosine which inhibited growth on uridine, however, 
it appears that it is the utilization of uridine which is affected rather than 
its conversion to cytidine, as this inhibition was not removed by the preseneé 
of cytidine. The nature of the reaction concerned in this case is not 
apparent. 

The fact that the pyrimidine nucleotides, cytidylic and uridylie acids, 
are more strongly inhibited by adenosine than are the corresponding 
nucleosides is in agreement with their less efficient utilization for growth. 
Similarly adenosine-3-phosphate was less inhibitory than adenosine. 
These results are in agreement with several others which indicate that the 


‘ This mutant was kindly provided by Dr. H. K. Mitchell, Kerckhoff Laboratories 
of Biology, California Institute of Technology, Pasadena, California 
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nucleosides may play a more central role in nucleic acid metabolism than 
either the free bases or their nucleotides. 

The absence of adenosine inhibition in the wild type organism is in 
keeping with other observations that no inhibition is produced by closely 
related structural analogues when the substance concerned is not required 
for growth (11). In the wild type Neurospora an efficient mechanism may 
be present for the conversion of adenosine to adenine which later was found 
in these experiments not to be inhibitory. An alternative explanation 
may be that pyrimidine synthesis can be stimulated to balance the in- 
creased amount of adenosine present. 

Of interest is the highly specific nature of the antagonism of the pyrim- 
idine nucleosides by adenosine and guanosine and the striking reversal 
of the adenosine-cytidine inhibition by uridine. Unlike most inhibitions 
by closely related structural analogues in which high antagonist-metabolite 
ratios are necessary to produce inhibition, growth on cytidine was com- 
pletely inhibited by an equimolar amount of adenosine. Similarly such a 
completely inhibitory mixture in the presence of a molecular equivalent of 
uridine behaved as if no antagonist at all were present. These experiments 
demonstrate the pronounced effect of the purine and pyrimidine nucleo- 
sides on growth in this strain of Neurospora and suggest a similar function 
in the control of growth in other organisms. 


SUMMARY 


The utilization of the pyrimidine ribonucleosides and ribonucleotides for 
growth by the pyrimidine-deficient mutant of Neurospora No. 1298 can be 
completely inhibited by the addition of adenosine or adenosine-3-phosphate 
to the culture medium. Adenosine is the most active antagonist, adeno- 
sine-3-phosphate is somewhat less so, and adenine has no antagonistic 
effect when added in comparable concentrations. The nucleotides are more 
readily inhibited than the nucleosides, and cytidylic acid and cytidine 
require less adenosine or adenosine-3-phosphate for inhibition than do 
uridylic acid or uridine. Guanosine and guanylic acid also inhibit the 
utilization of the pyrimidine compounds, but somewhat larger amounts are 
required. Guanine like adenine shows no inhibitory action at moderate 
concentrations. 

The inhibition of cytidine by adenosine is strikingly reversed by the 
addition of an amount of uridine equal to the cytidine present. Uridine, 
however, is inhibited by the same concentration of adenosine regardless of 
whether or not an equimolar quantity of cytidine is present. These results 
suggest that at least two reactions may be involved in the inhibition, 
namely, the deamination of cytidine to uridine and the utilization of 
uridine itself for the synthesis of ribonucleic acid by the mold. 
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GROWTH AND LIPOTROPISM 


Il. THE EFFECTS OF DIETARY METHIONINE, CYSTINE, AND 
CHOLINE IN THE YOUNG WHITE RAT 


By C. R. TREADWELL 


(From the Departments of Biochemistry, School of Medicine, George Washington 
University, Washington, and Southwestern Medical College, Dallas 


(Received for publication, June 12, 1948) 


In a previous study (1) it was shown that the total methionine require- 
ment of rats of approximately 170 gm. initial body weight receiving a 
choline-free basal diet was 1200 mg. per 100 gm. of diet. This total was 
differentiated into a growth requirement of 600 mg. and a lipotropic require- 
ment of 600 mg. The basal diet contained 100 mg. of cystine per 100 gm.; 
additional cystine did not exhibit any effect on growth or any antilipotropie 
activity. When the basal diet was supplemented with 100 mg. of choline 
per 100 gm., there was a maximum lowering of liver fat with no increase 
in the growth rate. Womack and Rose (2), using different experimental 
conditions, reported that 500 mg. of methionine and 100 mg. of cystine per 
100 gm. of diet were adequate to support optimum growth in rats of an 
initial body weight of approximately 50 gm. Rats of this age are entering 
their most rapid growth period, during which it might be expected that the 
methionine requirement would be greater than that of 170 gm. rats which 
are growing at a slower rate, while our results suggested a somewhat higher 
growth requirement for methionine in the 170 gm. rats. In addition to the 
different experimental techniques, another factor which made our results 
dificult to correlate with those of Womack and Rose was the effect of 
choline, which has been shown by du Vigneaud and coworkers (3) to be 
present in the vitamin B complex used by Womack and Rose. While it 
has been reported (4, 5) that choline has a growth-stimulating effect, none 
was found in our study with 170 gm. rats. However, it seemed possible 
that in 50 gm. rats there might be a methionine-sparing effect of choline as 
regards growth. Thus it appeared desirable to extend our observations to 
rats of 50 gm. initial weight. The data presented below, when considered 
in conjunction with the observations in 170 gm. rats and the work of Horn- 
ing and Eckstein (6) with adult male rats, indicate that under certain 
experimental conditions the needs of the white rat for methionine, cystine, 
and choline and the metabolic interrelationship of these three substances 
change, at least quantitatively, with the age of the animal. 
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EXPERIMENTAL 


Young white rats weighing approximately 50 gm. (range 47 to 53 gm, | 


of the Sprague-Dawley strain were used. They were distributed amo 
the dietary groups in a random manner, without regard to sex. The cap 
of the animals has been described previously (7). The basal diet (No, 9 
Tables I to III) was composed of 15.4 per cent casein, 3.2 per cent arachip 
5 per cent salt mixture (8), 2 per cent Cellu flour, 34.4 per cent glucose! gnj 
40 per cent lard. A commerical vitamin-free casein and arachin prepare 
from peanut flour? by the method of Johns and Jones (9) were used. The 


moisture content of the proteins was less than 1 per cent (1). The proteip | 


mixture in the basal diet provided 500 mg. of methionine and 100 mg, ¢ 
cystine. The various dietary constitutents supplied a total of not mop 
than 1 mg. of choline per 100 gm. of diet. When supplementary methi- 
onine, cystine, or choline was incorporated in the basal diet as indicated in 
Tables I to III, an equivalent amount of glucose was omitted. All rats 
received orally 0.1 ec. of U.S. P. XI cod liver oil and 0.1 ce. of a solution 
containing 25 y of thiamine, 20 y of riboflavin, 100 y of calcium panto. 
thenate, 100 y of nicotinic acid, and 20 y of pyridoxine per day. The experi- 
mental period was 21 days. The livers were removed from the animal 
under sodium amytal anesthesia and analyzed for total lipides (10). Appar. 
ent differences were analyzed for significance by the ¢ method of Fisher 
(11), and only those showing a P value of less than 0.01 were considered 
significant. 
Results 


Table I summarizes the data obtained when Diet 26 was supplemented 
with increasing quantities of methionine. The response of the 50 gm. rats 
used in this study was markedly different from that observed in the 170 gm. 
rats used previously. First, some of the animals receiving the diets of 
lower methionine content (Diets 26, 27, 32) died between the 8th and lth 
day of the experiment. Also a few of the animals which survived the ex 
perimental period showed a weight plateau lasting 3 to 5 days and 
decrease in the food intake during the same interval. At autopsy, in the 
animals dying during the experimental period, the hemorrhagic kidney 
condition described by Griffith and Wade (4) was found. Also when the 
remaining animals were sacrificed at the end of the experimental period, 
gross inspection indicated in some of the animals the healed hemorrhagit 
kidneys described by Griffith (12). The occurrence of healed hemorrhagit 
kidneys was closely correlated with the occurrence of the weight plateal 
and the decrease in food intake. These phenomena were not observed il 
the older rats receiving these diets (1). Thus there was considerable vat 

1 Generously supplied by the Corn Products Refining Company, New York 

? Proflo brand, kindly furnished by the Traders Oil Mill Company, Fort Worth 
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ation among the young rats fed Diets 26, 27, and 32. However, in most of 
the animals showing a weight plateau and decrease in food intake in the 
period from the 8th to the 14th day, there was, following this, a slightly 
greater food intake and rate of growth than were observed in the animals 
not exhibiting these signs, so that at the end of the experimental period 
there was less individual variation than would have been expected. All 
animals surviving the experimental period were included in the averages 
shown in Table I. 

The second important difference found between the young and the older 
rats was in the methionine requirements for growth and lipotropism. At 
the lower levels of methionine, no differentiation between the methionine 


TaABLe | 
Methionine Requirements for Growth and Lipotropism in Young Rats Receiving 
Choline-Free Diets 
The animals received the diets for 21 days. The average initial weights for the 
dietary groups ranged from 49 to 52 gm. The numbers in parentheses indicate the 
number of animals dying during the experimental period. 


Diet No. ven Cystine oe = i Gain in weightt satelinaieeiieat wien -. 
Moist tissue Body weight 
mg. per me. per 
100 gm. 100 gm. gm. per cent gm m 
diel liet 

26 500; 100) 24(6) 5.3+0.1 64.2 +5.5 | 24.141.8) 2.00+0.19 
27 600 | 100/12(1) 5540.2 85.14 7.7 | 18.34 2.0) 1.35+0.15 
32 800 100 | 10 (2) 5.94+0.1 115.147.1 | 12.0+41.0| 0.88 + 0.05 
33 1000 100 S 6.5+0.2 | 140.7 + 5.6 9.8+0.4) 0.61 + 0.04 
48 | 1300, 100 18 6.3240.1 | 1832.74 4.8 §8.3+0.4|; 0.34+ 0.01 
2 0O+5 0.28 + 0.02 


49 | 1500; 100 8 6.3 + 0. 135. 9 | 6340.2 





* Including the standard error of the mean, calculated as follows: V/ zd? n—1)/ 
Vn. 

+ The difference between the initial and final weights expressed as per cent of 
initial weight. 


requirements for growth and lipotropism was possible. Up to the level of 
1000 mg. per 100 gm. of diet, there was a progressive increase in the growth 
rate and a progressive decrease in the liver lipide content. These results 
indicate that in the young rat both growth and lipotropism participate in 
the utilization of the available supply of methionine up to a level of 1000 
mg. of methionine. Methionine in excess of 1000 mg. further lowered the 
liver fat without an effect on the growth rate; at the 1500 mg. level the liver 
fat content was the same as when the diet contained 500 mg. of methionine 
and 200 mg. of choline (Table III). 

The effect of supplementing Diet 26 with cystine is shown in Table II. 
The 100 mg. increase in cystine in Diet 29 produced a distinct increase in 
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the level of liver fat. The apparent difference in the growth rate of th 
animals on Diets 26 and 29 is not statistically significant. Cystine at thy 
400 mg. level in Diet 50 produced death in 84.6 per cent of the animak 
between the 8th and I4th days. All of these animals died with the typicgi 
symptoms of hemorrhagic kidneys. It is apparent that the basal diet use 
in these experiments is well adapted for the demonstration of the effect g 
cystine in intensifying the development of hemorrhagic kidneys. Griffith 
(13) has suggested that the action of cystine in increasing the level of live 
fat and intensifying the development of hemorrhagic kidneys is due to ay 
improvement in the state of nutrition (growth); z.e., when dietary cystine 
increases the growth rate, there is a concomitant increase in the choline 
and methionine (labile methyl) requirements, thereby decreasing thy 


TaB_LeE II 
Effect of Cystine on Growth and Lipotropism in Young Rats Receiving 
Choline-Free Diets 
The animals received the diets for 21 days. The average initial weights for th 
dietary groups ranged from 49.0 to 52.2 gm. The numbers in parentheses indicat 
the number of animals dying during the experimental period. 





l 
| Liver lipides per 100 gm 
2 . Meth- |, - No. ° intake re . : i 
Diet No.| : [etl Cystine No. of Food intake Gain in weightt 








ionine rats per day* ee 
Moist tissue Body weight 
me. per | mg. per 
109 gm. | 100 gm. gm. per cent gm gm 
diet diet 
26 500 100 | 24 (6) 5.32+0.1 64.24+5.5 | 24.141.8) 2.00+0.1 
29 500 | 200 | 15 (3)! 5.24+0.2 69.546.3 | 30.541.1, 2.734011 
2.43 


50 500 400 | 13(11), 5.4 72.8 32.9 


* See Table I. 
+t See Table I. 


amount available for lipotropic action and the prevention of hemorrhagic 


kidneys. Both of these effects of cystine are demonstrated in this exper: 


ment without a significant increase in the growth rate. In Paper III a 
this series we shall present further studies which show that the suggestion 
of Griffith does not explain the action of cystine on liver fat and the kidneys 
under all experimental conditions. 

The data obtained when the basal diet was supplemented with choline 
are summarized in Table III. The symptoms of hemorrhagic kidneys 
were not observed in any of the animals receiving choline. The growth 
rate was increased by the choline supplements up to a level of 200 mg. per 
100 gm. of diet, while the liver fat was decreased to an essentially normal 
value at the 100 mg. level. In our previous studies (1) with older animals 
we have not observed a growth-promoting effect of choline. Howevet, 
several other laboratories have reported this action of choline (14). 
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The results of the present study demonstrate some important differences 
in the response of 50 and 170 gm. rats to the same dietary régime. In 170 
gm. rats receiving the basal diet used in these studies, 600 mg. of methi- 
onine per 100 gm. of diet are required for optimum growth, and in the 
absence of choline, an additional 600 mg. of methionine are needed to 
maintain a normal level of liver fat. In these older animals, hemorrhagic 
kidneys did not occur even on the unsupplemented basal diet. There is 
no significant lowering of liver fat by methionine in such animals until the 
growth requirement is satisfied. On the basis of present knowledge regard- 
ing the metabolic interrelationships of methionine and choline, it may be 
assumed that in 50 gm. rats receiving choline-free diets methionine is 
needed for growth and that labile methyl groups derived from methionine 


TaBLeE III 
Choline Requirements for Growth and Lipotropism in Young White Rats 
The animals received the diets for 21 days. The average initial weights for the 
dietary ley ranged from 49.0 to 52.4 gm. The numbers in parentheses indicate 
the number of animals dyi ing during the experimental period. 

















- : Liver lipides per 100 gm 
Diet | Meth- «,.,; F No. of | Food intake a 
: reise ystin lin Gain in weightt 
No. | ionine “¥SU2¢ Choline “rats per day* S = 
Moist tissue Body weight 
mg. per meg. per mg. per 
100 gm. 100 gem. \100 gm. gm. per cent gm. gm 


diel diet diet 
26 | 500 =100 0 | 24(6) 
34 | 500 100 100 8 
35 | 500 | 100 | 200 8 
51 | 500 | 100 | 300 | 16 


: See Table 1y 
t See Table I. 


320.1) 64.245.5 24.141.8 2.00+0.19 
O+0.2;) 88.0+5.1 8.2+0.4 }0.40+0.04 
7+0.1/)100.4+5.6 66+0.3 0.29+0.17 
4+0.1| 95.7+3.0 7.2+0.4 0.32+0.01 


anc o 





are needed for lipotropism and for the prevention of hemorrhagic kidneys 
The data in Table I suggest that these three requirements compete for the 
available supply of methionine, but that no one takes precedence over the 
others. For example, if one compares the results with Diet 32 to those 
with Diet 26, the 300 mg. of additional methionine in Diet 32 produced an 
increase in the growth rate, a lowering of the liver fat, and a decrease in the 
incidence of hemorrhagic kidneys. However, it is apparent that none of 
the three requirements was completely satisfied at this level of methionine. 
The further increase of 200 mg. of methionine in Diet 33 produced optimum 
growth, a complete absence of hemorrhagic kidneys, and a nearly normal 
level of liver fat. When the data in Tables I and III are compared, it can 
be concluded that the 500 mg. of methionine and 100 mg. of cystine are not 
sufficient to support optimum growth, for while supplementing the basal 
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diet with 200 mg. of choline (Diet 35) gave maximum lowering of the liye 
lipides, complete protection against hemorrhagic kidneys, and maximuy 
stimulation of growth by choline, the growth rate was distinctly less than 
that found with the higher levels of methionine. Assuming that the choligp 
in Diet 35 satisfied the requirements for lipotropism and prevention ¢ 
hemorrhagic kidneys, then the 500 mg. of methionine which the diet gp. 
tained were all available for growth. However, the 100 per cent ineregs 
in weight is less than optimum, as is shown by the group fed Diet 33: ther. 
fore the growth requirement for methionine in the 50 gm. rat is greater thay 
500 mg. when 100 mg. of cystine are present. Thus, the growth-stimulg. 
ing effect of dietary choline in young rats, in contrast to the absence gj 
such an effect in older animals, is most simply explained by a preferentig! 
utilization of methionine for growth in the older animals, so that the 
addition of choline does not decrease the demand on the available supply, 
whereas in the young animals, several metabolic processes are participat- 
ing in the over-all utilization of the amino acid, and the introduction of 
choline into the diet supplies the needed methyl groups for at least two 
of these processes, thereby sparing methionine for growth. 


SUMMARY 


Young white rats (50 gm. initial weight), receiving a choline-free diet 
containing 18.6 gm. of protein, 500 mg. of methionine, and 100 mg. of cys 
tine per 100 gm., grew at a rate less than optimum and developed fatty 
livers and hemorrhagic kidneys. 

When the diet contained 1000 mg. of methionine, growth was optimum, 
there were no symptoms of hemorrhagic kidneys, and the level of liver fat 
was only slightly above normal. The total methionine requirement was 
between 1300 and 1500 mg. per 100 gm. of diet. 

When the diet contained 200 mg. of cystine, there was a distinct antilipo- 
tropic effect without a significant increase in the growth rate. Cystine, a 
the 400 mg. level, produced death in 85 per cent of the animals within lt 
days. 

The greatest stimulation of growth by choline was observed at the 20 
mg. level, which also produced a normal fat content in the liver. Its 
suggested that the growth-stimulating effect of choline may be attributel 
to a methionine-sparing action. 
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GROWTH AND LIPOTROPISM 


Il. THE EFFECT OF SUPPLEMENTARY CYSTINE, METHIONINE, AND 
CHOLINE IN LOW PROTEIN DIETS 


By C. R. TREADWELL 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington) 


(Received for publication, June 12, 1948) 


Since the initial observation by Beeston and Channon (1) of the anti- 
lipotropie effect of cystine, there has been no entirely satisfactory explana- 
tion of this effect of the amino acid. Griffith (2) has explained the anti- 

| lipotropic effect of cystine on the basis that supplementary cystine raises 
the metabolic level and thus creates an increased demand for lipotropic 

| factors. This suggestion is attractive in that it does not involve a direct 
metabolic antagonism between cystine and choline or choline precursors 
such as methionine. Stetten and Grail (3) have shown that the antilipo- 
tropic effect of cystine does not involve an antagonism between cystine and 
choline. The data of Treadwell, Groothuis, and Eckstein (4) have been 
interpreted (5) as indicating a direct antagonism between cystine and me- 

| thionine. However, this interpretation was not suggested by Treadwell 
et al., and their data may be explained in other ways. 

In Paper I of this series (6), it was shown that in 170 gm. rats receiving 
a choline-free basal diet, containing 18.6 per cent protein, 600 mg. per cent 
of methionine, and 100 mg. per cent of cystine, supplementary cystine up to 
a level of 600 mg. did not exhibit an antilipotropic effect or increase the 

| growth rate. In a subsequent study (7), 50 gm. rats on the same basal 
diet showed an increase in liver fat and in the incidence of hemorrhagic 
kidneys without a significant increase in growth rate when given supple- 
| ments of cystine. 

In our studies of the various factors involved in the production and pre- 
vention of fatty livers, we have assumed that they will act either to increase 
or decrease the supply of methyl groups available for lipotropism. While 
the results obtained in this laboratory with supplementary cystine were not 
in disagreement with the suggestion of Griffith (2), it seemed desirable to 
extend our studies on cystine. It was decided to change the experimental 
conditions from those previously used so that the action of cystine on 
growth and lipotropism might be more clearly defined. In this connection 
it seemed especially desirable to avoid the development of the hemorrhagic 
kidney condition. As will be shown below, this was partly avoided by using 
animals of an initial weight of 100 gm. Rats of this weight, as shown by 
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Griffith (8), are more resistant to the condition than 40 gm. animals. Als) 
a basal diet modeled after the one used by Osborne and Mendel (9) in thej 
classical studies on the growth-promoting effect of cystine seemed prefer. 
able to the high protein diet used in our previous studies. For purposes of 
comparison, methionine and choline supplements were included in addition 
to cystine. 

EXPERIMENTAL 


White rats, of both sexes, weighing approximately 100 gm. (range 97 ¢; 
104 gm.), were used. Those used in Experiment A, Table I, were of the 
Carworth strain; in Experiments B, C, and D (Tables I and II), the 
Sprague-Dawley strain was used. The care of the animals was the same 
as described previously (10). Two basal diets were used. Diet 10) 
(Table I) consisted of 5 per cent casein, 2 per cent Cellu flour, 5 per cent 
salt mixture (11), 48 per cent glucose,! and 40 per cent lard. Diet 112 
(Table II) was like Diet 100 except that it contained 9 per cent casein and 
44 per cent glucose. The supplements shown in Tables I and II wer 
introduced at the expense of the glucose. The casein was a commercial 
vitamin-free product. The various dietary constitutents supplied a total 
of less than 1 mg. of choline per 100 gm. of diet. All rats received orally 
0.1 ce. of U.S. P. XI cod liver oil and 0.1 ce. of a solution containing 25 
of thiamine, 20 y of riboflavin, 100 y of calcium pantothenate, 100 y of 
nicotinic acid, and 20 y of pyridoxine per day. The experimental period 
was 21 days. The food intake was determined daily and the weight changes 
were recorded three times weekly. The livers were removed from the ani- 
mals under sodium amytal anesthesia and analyzed for total lipides (12). 
Apparent differences were evaluated by the ¢ test of Fisher (13), and only 
those showing a P value of less than 0.01 were considered significant. 


Results 


In Experiment A (Table I), the rats receiving Diet 100 lost 8.2 per cent 
of their initial body weight and developed fatty livers during the 21 day 
period. Diet 101 contained 100 mg. of supplementary cystine. With thi 
diet the weight loss was the same as in those receiving the basal diet. The 
100 mg. of supplementary cystine exhibited a distinct antilipotropic efiet, 
increasing the liver fat from 18.4 to 24.5 per cent. Thus, there was al 
antilipotropic effect of cystine in the absence of any stimulation of growth. 


~———" 


Diet 102 contained 100 mg. of supplementary cystine and 100 mg. of cho | 


line. On this diet the animals also lost weight. However, due to tlt | 
inclusion of choline, the liver fat was decreased from 24.5 to 15.1 per cell 
Diet 105 contained 124 mg. of methionine, an amount of methionine equ 


1 Generously supplied by the Corn Products Refining Company, New York. 
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alent to 100 mg. of cystine on the basis of sulfur. There was no stimulation 
of growth. Since the methionine was not used in growth, it was available 
for lipotropism, and there was a small decrease in the liver lipides. The 
100 mg. of choline in Diet 106 lowered the liver fat to the same extent as in 
Diet 107. The differences in the levels of liver lipides between groups on 
Diets 100 and 101 and between groups on Diets 107 and 102 demonstrate 


TaBLe [| 

Effect of Supplementary Cystine, Methionine, and Choline in Rats Receiving 5 Per Cent 
Casein (Choline-Free) Diets 

The animals received the diets for 21 days. The average initial weights for the 

dietary groups ranged from 99.2 to 101.1 gm. The composition of the basal diet is 

described in the text. 


Supplements per 


: r 100 gm. 
100 gm. diets 100 gm 


Liver lipides p 


ne a getty ye — Change in weightt 
bi Meth- | Cys- Cho- Moist weight Body weight 
lonine~ tine line 
Experiment A 
| mg. | me me. gm. per cent gm. gm. 
100; Of} O} O} 8 |5.340.3} —8.2+1.9| 18.44 0.7| 1.09 + 0.09 
101; 0 | 100 0 8 5.340.3| —7.641.9] 24.5+1.6| 1.81 + 0.21 
102 0 | 100 | 100 8 §.740.2) -—3.141.4) 15.141.2) 0.77+ 0.09 
105 | 124 | O 0 7 §.4+0.2} —8.1+1.9| 16.3+0.7)| 0.95 + 0.06 
106 | 124 0 | 100 6 5.44 0.3 —6.8+ 2.3; 11.0+0.8; 0.59 + 0.08 
107 0; O 100 6 6.140.2| —9.421. 2 


| 


11.0 +1.2; 0.50 + 0.06 


Experiment B 


| 4.3 40.1! —18.8 + 2.0] 19.341 


100/ O| O| O| 8 3/1.10+0.13 
101! O|100! O|} 3 | 4.4 | —21.2 | 27.9 1.70 

108; 0|300| O| 8 |4.6+40.2| —14.6 + 2.2| 27.9+1.6| 2.02 + 0.20 
109} 372} 0O| O| 8 | 4.540.2| —14.0+ 1.3] 12.3 41.2] 0. 


64 + 0.10 


* Including the standard error of the mean, calculated as follows: V/ =d2/(n — 1)/ 
Vn. 

+ The difference between the initial and final weights expressed as per cent of 
initial weight. 


the antilipotropic action of cystine. Of some interest in connection with 
the antilipotropic effect of cystine is the lowering of liver fat by choline in 
the different diets. With Diet 102 the liver fat was decreased from 24.5 to 
15.1 per cent, a decrease of 9.4 per cent. With Diet 107 the lipides were 
decreased from 18.4 to 11.0 per cent, a lowering of 7.4 per cent. Thus, the 
effect of 100 mg. of choline was approximately the same in both diets. In 
the two diets containing cystine, the liver fat was at a higher level than in 
the corresponding diets without cystine. This may be interpreted as indi- 
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cating that in both diets the effect of the supplementary cystine wag ty tic 
lower the total supply of lipotropic methyl groups. | tw 
We had assumed on the basis of previous work (14, 15) that growth woul th 


be stimulated when Diet 100 was supplemented with the sulfur amino agids 
It appeared that there were two possible explanations for the failyp m 
of methionine and cystine to stimulate growth on this basal diet.  Fipg. re 
the supplements were too small to demonstrate their effect, or secondly of 
in addition to a low sulfur content there was some other limiting facto; 
operating. In Experiment B (Table I), the first possibility was invest. 
gated. The supplements were increased to 300 mg. of cystine and 372m ! 2 
of methionine. The rats used in Experiment B were from our laboratory 
colony which is of the Sprague-Dawley strain. These animals exhibitel 


= 


a greater weight loss on the basal diet than the rats of the Carworth strain ri 
used in Experiment A. The results with Diets 108 and 109 show that the | — 
failure to produce a stimulation in growth with the smaller supplements 

} Di 


was not related to the low level of the supplements. This experiment als N. 
confirms the finding in Experiment A that the antilipotropic effect of cystine 
may be demonstrated in the absence of any stimulation of growth. 

In Experiment C (Table II), the second possibility was investigated | — 
The casein in the basal diet was increased to 9 per cent (Diet 112). On this 


diet rats from our colony lost weight slowly during the experimental period 
Supplements of 100 mg. of cystine or 124 mg. of methionine produceda/ 41 
stimulation of growth. The growth rate was of the same magnitude with ll 
both amino acids. With Diet 113 there was an antilipotropic effect i | 1! 
cystine, with an accompanying stimulation of growth. The choline supple. ut 
ment in Diet 115 lowered the liver lipides to an essentially normal level 

with no effect on the growth rate. A further stimulation of growth occurred | pe 
at the higher levels of supplementary cystine and methionine. The resulis} 5). 
with cystine suggest that the young rat can use more than 100 mg. of cysti } 11: 
to supply its sulfur amino acid requirement. Actually the 300 mgd | 11 
cystine were more effective in stimulating growth during the first 12to# | 1 
days of Experiment C than the data indicate. The growth and food intake | + 
of the animals on Diet 110 closely paralleled those of the rats receiving : 


Diet 111 up to the 12th and 14th day; then the food intake fell off and the 
body weight reached a plateau or decreased slightly. At autopsy ther | obt 
were no gross signs of hemorrhagic kidneys. These changes in food intalt | the 
and growth were not observed in the other dietary groups or in the anima | int 
receiving Diet 110 in Experiment D. acic 
The animals in Experiment D grew at a greater rate than the anima} effe 
of Experiment C on comparable diets. The difference in response in tl) Spa 
two experiments may have been due to the fact that the experiments wet T 
run at different seasons of the year or that because of unavoidable cond: Spe 
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tions the stock diet of our animal colony was changed in the interval be- 
tween Experiments C and D. However, qualitatively, the results confirm 
those of Experiment C. Salmon (16) has recently published data, obtained 
with weanling rats, on the physiological relationships of protein, fat, choline, 
methionine, cystine, nicotinic acid, and tryptophan. Comparison of the 
results of the present study with those of Salmon emphasize the importance 
of taking into consideration the age of the experimental animals in data 


TABLE II 
Effect of Supplementary Cystine, Methionine, and Choline in Rats Re ceiving 9 Per Cent 
Casein (Choline-Free) Diets 
The animals received the diets for 21 days. . The average initial weights for the 
dietary groups ranged from 99.1 to 101.6 gm. The composition of the basal diet is 
deseribed in the text. 


Supplements per 


100 gm. diets Liver Spies pit 2 ae 
Diet =| Net | Fogd intake change in weight ee eT 
NO, | : . wore 
Meth- | Cys-  Cho- 


pane = : Moist weight Body weight 
ionine | tine line 





Experiment C 





meg. még. még. gm. | per cent gm. gm 


112 0 0 0 8 (5.540.383; —3.642.7| 22.241.8| 1.34+0.17 
113 0/100; O; 8 |} 6140.2) 4+6.441.3) 26.641.9) 1.76+0.21 
114 124 0 0) 9 6040.4) +5.942.8 19.542.4) 1.0240.15 
115 0 0 | 100 6  5.5240.3) —-2.4+42.1 8640.5 0.364 0.03 
110 0 | 300 0, lL 6040.2) +10.442.9| 27.9+1.6) 2.2440.20 


~ 


) 
lll | 372 | 0 0 9 | 7.040.3} +18.44+2.0) 14.544 2.0) 0.75+0.15 


Experiment D 


110 0 | 300 0 6 27.0+3.5) 2.03 + 0.51 


7.5240.5 +28.0 + 5.7 
111 | 372 0 0 6 | 7.5+0.2) +28.342.0 12.941.0 0.56 + 0.06 
115 0 0 | 100 6 5.8240.2) +13.142.9 7.64+0.3 0.27+0.01 
116 0 | 300 | 100 8 | 6.6240.2) +24.942.2 12.441.0 0.52 + 0.07 
117 | 372 0 | 100 8 | 7.140.3) +31.2 + 2.3 


12.341.1) 0.45 + 0.03 
* See Table I. 
t See Table I. 


obtained in different laboratories. Salmon found that with weanling rats 
the primary deficiency in low casein diets was labile methyl groups, while 
in this study with 100 gm. rats, the primary deficiency was in sulfur amino 
acids. We have suggested previously (7) that the growth-stimulating 
effect of choline is most simply explained on the basis of a methionine- 
sparing action. 

The failure of methionine and cystine to stimulate growth in rats receiving 
5 per cent casein diets was unexpected, inasmuch as a stimulation has often 
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been reported earlier (14,15). A review of the earlier studies suggests that 
this difference may be related to the use of vitamin concentrates, while jy 
the present study, pure vitamins were administered. The concentrates 
possibly supplied amino acids or other factors which are limiting in a pur. 
fied 5 per cent casein diet. A second possibility is that in the present study 
the diets contained 40 per cent fat, so that the daily food intake was les 
than with diets of lower calorie content. 

The results of these experiments clearly show that the antilipotropic effet 
of cystine is not related to an increase in the nutritional level as suggested 
by Griffith (2). Two other explanations of the antilipotropiec effect may 
be cited. First, in the metabolism of cystine methy] groups may be required, 
Secondly, the addition of cystine may decrease the rate of removal of the 
methyl group from methionine by a mass action effect, for, as has been con. 
vincingly shown by du Vigneaud and coworkers (17), the demethylation 
of methionine yields homocysteine which combines with serine to form 
cystathionine which is then cleaved to liberate cystine. When cystine js 
added, the concentration of the end-product of the above series of reactions 
is increased, which may decrease the rate of the reaction. 


SUMMARY 


Under the conditions of the present study, supplementary cystine and 
methionine did not stimulate growth when added to a 5 per cent casein diet. 
Growth was stimulated when these amino acids were added to a 9 per cent 
casein diet. 

The magnitude of the growth response to supplements of cystine and 
methionine was approximately the same for both amino acids, except during 
a period of decreased food intake by the cystine-fed animals in one exper: 


ment. Amounts of cystine greater than 100 mg. per 100 gm. of diet can le | 


utilized by the rat for growth. 

Cystine can produce an antilipotropic effect without an accompanying 
increase in the nutritional level. 

Choline produces comparable decreases in the liver lipides in the presene 
or absence of cystine. 
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THE VITAMIN Bs GROUP 


XIV. DISTRIBUTION OF PYRIDOXAL, PYRIDOXAMINE, AND 
PYRIDOXINE IN SOME NATURAL PRODUCTS* 


By JESSE C. RABINOWITZ anp ESMOND E. SNELL 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, July 1, 1948) 


Although pyridoxal, pyridoxamine, and pyridoxine are all known to occur 
naturally (1), almost no information concerning the distribution of these 
individual forms of vitamin Bg is available. Use of three microorganisms 
for the individual detection of these three substances has been previously 
suggested (1, 2). Since Lactobacillus casei responds only to pyridoxal,! this 
substance could be determined directly. Both pyridoxamine and _pyri- 
doxal, but not pyridoxine, promote growth of Streptococcus faecalis;! 
pyridoxamine was thus obtained as the difference between the value ob- 
tained with this organism and with Lactobacillus casei, corrected for the 
difference in activity of the two compounds for the former organism. Total 
vitamin Be was determined with Saccharomyces carlsbergensis 4228, which 
responds to pyridoxal, pyridoxamine, and pyridoxine. The difference 
between the assay value obtained with Saccharomyces carlsbergensis and the 
sum of the values for pyridoxal and pyridoxamine was considered to 
represent pyridoxine. 

Validity of this approach to the problem was questioned when it was 
found that assay of yeast and liver extracts with Streptococcus faecalis gave 
higher values for their vitamin Bs content than did assay with Saccharo- 
myces carlsbergensis (3). Subsequently this result was shown to be due 
chiefly to the presence in natural materials of a “bound” form of vitamin 
Bs, pyridoxamine phosphate, which was inactive for Saccharomyces 
carlsbergensis but active for Streptococcus faecalis (4). Present availability 
of improved hydrolytic procedure for release of vitamin Bs from tissues (5) 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Founda- 
tion, 

' At high levels, addition of either pyridoxine or pyridoxamine to the medium per- 
mits growth of Lactobacillus casei; they are less than 0.001 as active as pyridoxal for 
this organism, however, and their contribution to the analytical values found for 
natural materials is entirely negligible (2). Similarly, pyridoxine is less than 0.001 
as active as pyridoxamine or pyridoxal for Streptococcus faecalis, and its contribution 
to analytical values obtained with the latter organism is nil. 


1157 











1158 DISTRIBUTION OF VITAMIN Beg 


and of improved assay methods with Streptococcus faecalis (6) and Lact. 
bacillus casei (7) permitted reexamination of the utility of a differentia] 
assay procedure for the various forms of vitamin Bs. Results of this study 
are presented below. ’ 


EXPERIMENTAL 





Assay Procedures—Pyridoxal was determined with Lactobacillus casei (7): 
Streptococcus faecalis R was used for determination of pyridoxal plus 


pyridoxamine (6). Saccharomyces carlsbergensis 4228 was used (5, 8) for 














te ) 
» | 
i. a 
© 
= > O 
™ 60 O | 
Ap 5 O 
. O 
=. & 
oie O | 
S « ° | 
Be ee fe) 
a. , 
Q & O NO NIACIN | 
AA | 
% 4 A WITH NIACIN | 
& 
1.) 
8 | | | 
& | 
ae Ea 
30 
20 30 40 50 60 70 


PER CENT INCIDENT LIGHT TRANSMITTED 


Fig. 1. The effect of nicotinic acid on the determination of vitamin Bg with Sac- 


charomyces carlsbergensis. Abscissa, per cent of incident light transmitted by a2 
hour culture of Saccharomyces carlsbergensis grown in the presence of 20 my of pyri 
doxamine dihydrochloride per 5cce. Ordinate, vitamin Bs content of a dried yeast 
sample calculated as micrograms of pyridoxamine dihydrochloride per gm. of yeast. 


the determination of total vitamin Bs (pyridoxal, pyridoxamine, and pyr: 
doxine). The basal medium used in the latter procedure has been criticized 
(9) for the omission of nicotinic acid. In a single experiment, no difference 


in the apparent vitamin B, content of a yeast sample was noted, whether 


not nicotinic acid was added to the medium. However, a review of dl 
assays conducted on this sample showed that, when nicotinic acid had bee 
omitted from the medium, growth was less with suboptimal levels of vit 
min B,; than when nicotinic acid was present in the medium. With heave! 
growth, assay values for vitamin Bs tended to be lower. These results 
summarized in Fig. 1, indicate that in some but not all assays nicotinic acid 
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does become a growth-limiting factor in the original assay medium (8), and 
that under such conditions values found for vitamin Bs may be high. For 
these reasons, nicotinic acid was included in the assay medium at a level of 
0.5 mg. per 100 cc., as recommended by Hopkins and Pennington (9). 

Whenever natural materials were assayed, an amount of sample estimated 
to contain 2 y of vitamin Bs was finely ground, placed in 180 ec. of 0.055 N 
hydrochloric acid, autoclaved for 5 hours at 20 pounds pressure (5), cooled, 
and neutralized with potassium hydroxide solution. Samples in which 
golid materials remained were filtered before assay. 

Assay of Known Mixtures—Results of assay of mixtures of pyridoxal 
hydrochloride, pyridoxamine dihydrochloride, and pyridoxine hydro- 
chloride are shown in Table I. The method for calculating the amount of 


TABLE I 
Determination of Pyridoxal, Pyridoxamine, and Pyridoxine in Mixtures 
of Known Composition 
The values are expressed as millimicrograms per cc. 

















Total assay value 
iS: ease S. faecalis S. carlsbergensts Amount found | Amount added 
Sample | Standard used 
No. |- : - * — = 
eo _: | Pyri- | Pyridoxal | Pyri- ~ Pyri- — ss 
if a ae = | dox- HCl or | dox- ia dox Phd | Pyri- fo Pyri 
CL HCl amine [pyridoxine | amine | yc; | amine “yyy | doxal amine | doxine 
ge 2HCl HCl 2HCI | 2HCl HCl | Sac, HCl 
A B (C) \D) (E) | (A F G 2HCl 


1 | 0.41 0.88 | 0.84 1.20 1.48 | 0.41 | 0.45 0.43 | 0.40 | 0.40 | 0.40 
2 | 0.91 | 1.45 | 1.80 1.68 | 2.28 | 0.91 | 0.67 | 0.27 | 0.90 | 0.60 | 0.30 





each component of the mixture from the assay values requires some expla- 
nation. The dose-response curves of Saccharomyces carlsbergensis to 
pyridoxal and to pyridoxine are identical. However, the dose-response 
curves of both this organism and Streptococcus faecalis to pyridoxal and to 
pyridoxamine were dissimilar; 7.e. the activity of pyridoxamine in terms of 
pyridoxal was not constant over the assay range used. Consequently, no 
constant factor for converting pyridoxal to its equivalent of pyridoxamine 
(or vice versa) could be used. To meet this situation, standard dose- 
response curves to each compound were obtained with each organism. The 
vitamin Bs content of the samples was ‘then calculated in terms of each of 
these standards (Columns B to E, Table I). The value found in terms 
of pyridoxamine divided by the value found in terms of pyridoxal thus gives 
a ratio which expresses the ‘average’ activity of pyridoxal in terms of 
pyridoxamine over that portion of the curve used in calculating the results. 











1160 DISTRIBUTION OF VITAMIN Bs 


The individual components of the mixture are then calculated as follows: 


Pyridoxal hydrochloride = A 
Pyridoxamine dihydrochloride = C — B A= 
Pyridoxine hydrochloride = D — (A + F X =) = G 


where A, B, ete., are the values found with the individual assay organisms 
against the appropriate standard, as indicated in Tables I to IV. Th 
validity of this method is shown by the results obtained in the analysis g 
the two mixtures (Table I). Recoveries of pyridoxal hydrochloride wer 
102 and 102 per cent, of pyridoxamine dihydrochloride 112 and 112 per cent, 
and of pyridoxine hydrochloride 90 and 108 per cent of the amounts added 
in the two samples. 

The limitations of a differential assay procedure of this type should be 
emphasized. If one accepts +10 per cent as the approximate limits withip 
which values found by each of the three assay methods are reproducible 
(see below), then it is apparent that a variation of +10 per cent of the tota) 
assay value found with Streptococcus faecalis (pyridoxal plus pyridoxamine 
might be expected in the value calculated for pyridoxamine alone. Simi. 
larly, the variation encountered in the calculated value for pyridoxine wil 


be +10 per cent of the total assay value found with Saccharomyces carl. | 
bergensis, which responds to pyridoxal, pyridoxamine, and pyridoxine. It 


is thus clear that values for pyridoxal are relatively accurate, those for 
pyridoxamine less so, and those for pyridoxine are least so. The credibility 
of values for pyridoxine, for example, will depend upon the proportion d 


the total vitamin B, which it represents. If this is only 10 per cent or les | 


of the total assay value with Saccharomyces carlsbergensis, the value calev- 
lated for it is clearly meaningless. 

A more accurate estimate of the validity of these assays may be gainel 
from Table II. Here the results of six wholly independent analyses of 1 
dried yeast are shown. The coefficients of error in fhe determination d 
vitamin Bg, with Lactobacillus casei, Streptococcus faecalis, and Saccharomyw 
carlsbergensis were 6.3, 8.0, and 4.2 per cent, respectively, of the meat 
value. The pyridoxal, pyridoxamine, and pyridoxine contents of the yeas 
and the probable error of each value were calculated from these averagt 
figures and their standard errors by the method previously described 
From the tabulated results it is apparent that, while the values for pyridow 
and pyridoxamine are highly significant, those for pyridoxine are not, all 
it cannot be said with certainty whether or not any pyridoxine is presell 
It is certain, however, that the amount of pyridoxine present, if any, 1s co 
paratively small. 

The error of the mean value, calculated on the assumption that the totd 
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assay value as determined with each organism is subject to 10 per cent error 
in either direction, is shown in the last line of Table II. Examination of 
the individual assay values shows that most, though not all of these, fall 
between these limits. Consequently, this procedure has been used 

Tables III and IV to provide a rough measure of the probable degree of 
accuracy of the single assay values recorded. Although in some cases 
errors larger than those indicated can be expected, the satisfactory values 


TaBLe II 
Vitamin By Content of Dried Yeast 
The values are expressed in mic crograms per gm. 


Total assay value 

















L. casei S. faecalis S. carlsbergensis Calculated content 
Trial No. -_ Standard used 

Pustidosal iPordosal Pyridox- Pyridoral py Pyridox- Peridentt Pyridox-| Pyri- 
vaCL yridoxal “amin > a te amine y HCl amine doxine 

2HCl ig 2HC! 2HC1 HCl 

(A) (B) (C) (D) (E (A) (F (G) 
1 4.9 42 41 34 41 4.9 36 —0.8 
2 6.1 50 49 35 43 6.1 43 —6.3 
3 4.1 56 53 37 45 4.1 49 —7.3 
4 Bul 57 46 37 45 5.1 42 —2.9 
5 6.0 42 42 38 46 6.0 36 2.2 
6 4.9 54 44 40 51 4.9 40 br 4 
Average + s.e.m.* 5.2 50 46 38 45 5.2 41 | —1.9 


+0.33  +4.0 +2.7/) 41.4) 41.9} +0.33 | +2.9 | +1.9 
Average +10% 








total assay value 5.2 46 45 5.2 41 —2 
+0.5 +4.6 +4.5,/ +0.5 | +5.0 | +4.5 
* Standard error wr mean = V/(3d2)/(n(n — 1)) where Pe is ne deviation of a 


particular observation from the srithaatia mean and n is the number of observa- 
tions (10). 


obtained in recovery experiments (Tables I and IIT) show that frequently 
the values obtained are much more accurate than indicated. 

Recoveries of Known Mixtures from Natural Samples—To test further the 
assay procedure, known mixtures of pyridoxal, pyridoxamine, and pyri- 
doxine were added to natural materials which were then hydrolyzed as 
described above and assayed. Results were calculated as described earlier, 
and are given, together with their possible variation, in Table III. With 
some exceptions, recoveries are surprisingly good, even when the amounts 
added are small in comparison to the total assay figure. In a few cases, 








Recovery of Mixtures of Pyridoxal, Pyridoramine, and Pyri 
to Natural Products 


TABLE III 





Sample 





Wilson 1:20 liver 
powder 

Wilson 1:20 liver 
powder a os 
added vitamin 
Bg 

Added vitamin Bs 


Cerogras 


“ re 
added vitamin 
Be 

Added vitamin Bs 


Dried Yeast I 
‘““ “ I 4. 
added vitamin 
Bs 

Added vitamin Bg 


Dried Yeast II 


“ “ II 
+ added vita- 
min Bs 

Added vitamin B,; 


Urine 

«+ added 
vitamin B, 

Added vitamin Bs 


caset 


Pyri- 
doxal 


HCl 


(A) 


Y per 
gm. 


9.8 


on 
— 


9.7 


my per 
cc. 


100 


199 


Total assay value 


S 


S. faecalis aOF ste 
S. faecal carlsbergensis 


Standard used 


Pyri- 
ree | doxal |p... 
Pyri- | 9 | Hci | Ept- 
doxal « OX- ee aox- 
1 amine ae amine 
HCl | oHcI | PY | 2HCI 
daoxine 
HC] 
(B) C D E 
y per| y per | y per | y per | 
gm. gm. gm. gm, 
46 30 1S 58 
148 (102 221 | 268 
Vea “6st FZ 16 
26 21 54 67 
57 16 37 45 
90 69 74 Ss 
54 44 10) 51 
144 {121 216 | 278 
my permy per my per my per 
cc. cc. be cc. 
293 |258 190 | 242 
678 (562 772 | 953 





doz { ded 
Content A ve 
eee Pyri- | p,.: 
Pyri- dox- I Laas Py Pyr 
oy amine “HCL "he 
Cl IHC] aa 1 m nn 
A (F) G 
Y ber y per | vy per| vy per | y per! y per 
gm. gm. gm om m “a 
9.8) 24 18 
+1.0 +5 +6 
19 89 128 8) 65) 110 
10 60 100 
2.4 4.3 6 
+0.3° +0.7 i+2 
8.1) 14 35 5.4 10, 4 
40.8} +3 | +7) +0.8 +43) 47 
5 10 
5.1; 42 —3 
+1 +6 +5 
18 55 10, 13 13, ll 
2 +9 +9 +2 +9 +9 
12 12) 
4.9 40 } 
+0.5 +5 +5 
9.7| 11S 118 1.6 73, Ils 
+1.0+14 +28) +1.0 +14 +23 
5 50 10 
my per | my per my per my per my perm 
C. cc. ce. 
100 | 170 | —43 
+10 +29 +24 
199 397 253) 99 227| 2% 
+20 +68  +495420 | +68 +% 
100 200 400 
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eg. pyridoxamine recovery from Dried Yeast II, recoveries were less accu- 
rate than were expected. 


TaBLe IV 


Pyridoxal, Pyridoramine, and Pyridoxine Content of Some Natural Materials 














Sample Pyridoxal HCl sae aaa Pyridoxine HCl 
cart y per gm. y per gm. y per gm 
Chick liver Rr + 4 46 +8 0 + 10 

“ heart - : Sites Gees 8.0 +0.8 | 12 ig | + 2 

i. Weaet MMUSCIO. <0: 65 sas vee 37 + 4 1 + 4 S ies ll 

“brain. hei. ani 11 +1 7 + 2 3 + 3 

“ kidney ieee ee . 30 + 3 26 +6 —3 + 6 
Rat liver.... sehat nan ee 9 +4 , 2s 

“ heart. . Eee ity 2 16 + 2 9 +3 1 + 3 

© fepaat Muscle: .......5.sk.c.s1-) Be | Se —1 +2 5 + 3 

“ prain.. eC 9.2 +0.9 4 +3 4 + 2 

I. 5. i.9's SN)a. (3d % Oe cu wack ee el 13 +5 10 + 6 

0 Peer errr er 3.8 +0.4 0.7 +0.4 | -0.4 + 0.5 

POeEWMPMNTEAD 5 cos. ss ots are is 2.3 +0.2 9 +] 3 + 2 
Pree peer LV?) so. 6 cdi eas 7.0 +0.7 | 31 Eee ae me 
Wilson 1:20 liver powder............ 6.1 +0.6 | 31 + 4 15 + § 
Liver concentrate, Sharp and Dohme.| 16 + 2 47 +8 6 + 15 
MNS 66 ccie 6 Vevina FS eee 10 +1 22 +3 —1 + 3 
Dried yeast, brewers’. ........... 4.9 +0.5 |36 +4 —1 + 4 
Fresh “ bakers’ es 7.6 +0.8 | ll +2 0 + 2 
Dried Penicillium mycelium.... 3.5 +0.4 9 +1 4 + 2 
Fresh whole milk, y per cc........ 0.32 +0.03; 0.09+0.09 -—0.02+ 0.05 

ORE WEMNGG ) 5. o2..c) oostevo 0.19+0.02, 0.14+ 0.03 0.39 + 0.08 

gO) i re Cee FS, ll +1 4 +2 0 + 2 

RR WEMHO, COD. 5.5.5.6 cieeihacnne 5.6 +0.6 | 1.2 +0.7 0 + 0.9 
Cerogras. 4.1 +0.4 2.5 +0.7 4.0 + 1.0 
Fresh celery 7.8 +0.8 2.5 +1.1 9 + 2 

eMIMEENOCCUCE.. 6.o25 ceded 12 +1 —1 +2 9 + 2 

“green pepper 8.2 +0.8 | 53 + 6 20 ma 
Whole lemon 3.0 +0.3 0.7 +0.4 10 + 2 
Fresh carrot 2.1 +0.2 0.3 +0.3 7 + | 
Whole wheat 1.9 +0.2 3.7 +0.4 9 + 2 
Wheat germ 0.87+0.09| 0.7 +0.2 3.1 + 0.7 
Split peas... 0.47+0.05' 0.43+0.1 1.3 + 0.3 
Yellow corn-meal . 1.4 +0.1 1.1 +0.2 0 + 0.3 
Vitab.. 1.9 +0.2 | 10 +2 79 +11 


When the method was applied to human urine, a negative value for 
pyridoxine was found whose magnitude was considerably greater than the 
expected error, even if it were assumed that no pyridoxine was present. 
In this case, recoveries of added pyridoxal and pyridoxamine were within 
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experimental error, while recovery of pyridoxine was low. These results 
indicate the presence in human urine of materials, toxic for Saccharomyces 
carlsbergensis, which suppress the growth response of this organism ty 
vitamin Be, but which do not affect the responses of Streptococcus faecalis 
or Lactobacillus casei. 

Distribution of Pyridoxal, Pyridoxamine, and Pyridoxine in Natural 
Materials—Results of assay of a variety of tissues and other natural mate. 
rials are given in Table IV. The vegetables, fish, meat, and dairy produets 
were purchased in a local grocery. Chick and rat tissues were from experi. 
mental animals on stock rations, and were prepared for analysis immediately 
following death from decapitation or asphyxiation. Tissues from four to 
six animals were pooled for assay. After homogenization in the Waring 
blendor, separate samples were taken for hydrolysis and for dry weight 
determinations. Values are expressed in terms of micrograms per gm. of 
dry material. 

Over 80 per cent of the vitamin Bg in all fresh animal tissues studied was 
present as pyridoxal and pyridoxamine. In most of these samples, pyri- 
doxal was the predominant form. In most cases, it was not possible to 
demonstrate the presence of any pyridoxine; if present at all, it constitutes 
only a minor fraction of the total vitamin Bg of these tissues. With the 
exception of the fresh rat liver, pyridoxamine was the predominant form 
of the vitamin in all liver samples analyzed. Pyridoxal and pyridoxamine 
were also the predominant forms of vitamin Bg in frozen fish, fresh and dried 
yeast, Penicillium mycelium, milk, and eggs. Although pyridoxal and 
pyridoxamine were also prominent in the plant products tested, it was evi- 
dent that pyridoxine was also present to a very significant extent. In this 
respect, the contrast between plant and animal products is quite clear. 
Vitab, an extract of rice bran, is very high in pyridoxine and low in pyridoxal 
and pyridoxamine. It is significant, therefore, that the only procedures 
for isolation of pyridoxine which have been described in detail utilized rice 
bran as a starting material. 


DISCUSSION 


Aside from microbiological procedures, only two methods, both physic0- 
chemical, have been suggested for determination of pyridoxal, pyridor- 
amine, and pyridoxine. Neither of these has been adapted to assay 0 
natural materials. 

The reaction of pyridoxine with diazotized sulfanilic acid was first cot- 
sidered as an analytical method for the determination of pyridoxine by 
Kuhn and Low (11). Ormsby, Fisher, and Schlenk (12) have shown that 
pyridoxal, pyridoxamine, and pyridoxine form derivatives with this reagetl 
of differing colors, which can be differentiated spectroscopically. This reat: 

















am 
(15 
and 
size 
viol 
17), 
of n 
(7), 
ploy 
neu 
ther 





sults 
myces 
m to 
ecalis 


atural 
mate- 
ducts 
xperi- 
lately 
ur to 
‘aring 
eight 


mm. of 


d was 
pyri- 
ble to 
itutes 
th the 
; form 
amine 
| dried 
il and 
aS eVI- 
[n this 
clear. 
“idoxal 
edures 
ed rice 


hysico- 
yridox- 


ssay of 


St con- 
cine by 
vn that 
reagent 
is reac: 











J. C. RABINOWITZ AND E. E. SNELL 1165 


tion was used to demonstrate presence of both pyridoxal and pyridoxamine 
in a purified preparation of transaminase. Hopkins and Pennington (9), 
however, noted that the colors produced with this reagent were transitory 
and lacked specificity. 

A method for determining pyridoxine in the presence of pyridoxal and 
pyridoxamine has been developed by Melnick et al. (3). This method is 
based on a reaction, first noted by Stiller, Keresztesy, and Stevens (13), 
between pyridoxine and 2,6-dichloroquinone chloroimide, later modified 
by Seudi, Bastedo, and Webb (14). The reaction does not offer a means 
of differentiating pyridoxal from pyridoxamine, however, and its specificity 
when applied to natural materials is not known. 

Although satisfactory in principle, the method described in this paper 
has severe limitations which should be recognized. Since pyridoxamine 
and pyridoxine are not determined directly, but by difference, the error 
involved in their determination is largely dependent on the relative pro- 
portion of these substances to the total vitamin Bs, of the sample. With 
the present method, it is not possible to demonstrate with certainty the 
presence of pyridoxine in a sample when less than 10 per cent of the total 
vitamin Bs is pyridoxine, and errors are large even when more than this is 
present. ‘This was the case with all animal tissues investigated. Likewise 
the present method does not allow the determination of pyridoxamine in 
a sample in which the pyridoxamine constitutes less than 10 per cent of the 
sum of the pyridoxal and pyridoxamine of the sample. Since pyridoxal 
is determined directly, its determination is quite satisfactory.2 Unfortu- 
nately, no microorganisms are known which respond specifically to pyri- 
doxamine or pyridoxine, so that their direct determination is not possible. 
A direct determination of pyridoxamine could be obtained, however, by 
quantitatively destroying pyridoxal with acetone and alkali (1) and assay- 
ing the resulting mixture for pyridoxamine with Streptococcus faecalis. 
Assay of the same mixture with yeast would then provide a differential 
determination of pyridoxine involving only two instead of three microor- 


? The loose condensation products (Schiff’s bases?), which pyridoxal forms with 
amino acids and other amines, and the thiazolidine derivative formed with cysteine 
(15, 16) may occur naturally. These products readily decompose to form pyridoxal, 
and like pyridoxal are fully active for Lactobacillus casei (15). It has been empha- 
sized (16) that the transamination reaction between pyridoxal and amino acids, pre- 
viously shown to occur when solutions containing these substances are heated (2, 
17), occurs also to some extent in the cold, and that figures for the pyridoxal content 
of natural materials may hence be of doubtful significance. Previous work has shown 
(7), however, that this reaction does not occur under the hydrolytic conditions em- 
ployed in this investigation. It is also minimized or completely avoided even at 
neutrality by use of dilute solutions. The analytical values given for fresh tissues, 
therefore, should reflect accurately the amount of pyridoxal actually present. 
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ganisms, which should be somewhat more accurate than the method used 
here. This refinement of the present procedure has not been generally 
applied as yet. For reliable microbiological estimates of the small amounts 
of pyridoxine present in animal and some other tissues, however, some pro. 
cedure for its separation from pyridoxal and pyridoxamine, such as tha} 
recently suggested by Winsten and Eigen (16), will be required, so that } 
can be estimated separately. 

The present findings confirm and expand previous indications (1, 6) that 
pyridoxine, if present at all, constitutes quantitatively a very minor portion 
of the vitamin Bs of animal tissues and many other products. Despite this 
fact, and the fact that by no previously applied method of analysis cap 
the various forms of this vitamin be distinguished, numerous workers con. 
tinue to refer misleadingly and erroneously to the “pyridoxine’”’ content of 
natural materials. If by pyridoxine is meant the specific chemical com. 
pound to which this name was given (18), it is evident that the pyridoxine 
content of such materials is unknown and is not determined by the methods 
used. If, on the other hand, pyridoxine is used as a group name to include 
all substances curative of vitamin Bg deficiency in animals (including pyr. 
doxal and pyridoxamine (2, 19, 20)), then it obviously should not be used 
also as the name for the specific compound, 2-methyl-3-hydroxy-4,5-bis. 
(hydroxymethyl )pyridine. 

The present confusion in nomenclature results from retention of the name 
“pyridoxine” as synonymous with “‘vitamin B,” and at the same time asa 
name for a specific compound. A more rational and less confusing notation 
would result if the term ‘“‘pyridoxine”’ were reserved only for the specific 
compound and the term ‘“‘vitamin B,”’ were used as a group name to include 
all three compounds. 


SUMMARY 


A method for the differential determination of pyridoxal, pyridoxamine, 
and pyridoxine in natural products is described. This method takes ad- 
vantage of differences in the specificity of response of Lactobacillus casei, 
Streptococcus faecalis, and Saccharomyces carlsbergensis to the different forms 
of vitamin Bs. Although the principle of this method was suggested pre 
viously (2), its application to the analysis of natural materials was possible 
only after further development of the three individual assay procedures 
involved and a clarification of the hydrolytic procedures used in the libera- 
tion of the vitamins from natural materials, where they occur largely 
more complex forms unavailable to the microorganisms. 

Analysis of known mixtures of the three compounds by the method de: 
scribed gave satisfactory results. With few exceptions, satisfactory recov 
eries of the vitamins from natural materials were obtained. A significant 
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exception occurred in the case of the recovery from urine, in which the 
amount of pyridoxine recovered was lower than could be accounted for by 
analytical errors. Limitations common to differential methods of this type 
are discussed. It is shown that the accuracy of the figures for pyridoxine 
depends upon the relative proportion of this substance to pyridoxal and 
pyridoxamine. When pyridoxine comprises less than 10 per cent of the 
total vitamin Be, it cannot be determined by this procedure. 

Analytical values for the pyridoxal, pyridoxamine, and pyridoxine con- 
tent of natural materials are given. Pyridoxal and pyridoxamine were the 
predominant forms of vitamin Bg in hydrolyzed animal tissues and yeasts, 
with only slight indications or none at all of the presence of pyridoxine in 
these samples. Pyridoxine was more evident in plant materials, in which 
it occurred in amounts as large or larger than those of pyridoxal and pyri- 
doxamine. 
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A MICROBIOLOGICAL METHOD FOR THE DETERMINATION. 
OF ADENINE* 


By JAY V. BECK 
(From the Department of Bacteriology, Pennsylvania State College, State College) 


(Received for publication, July 19, 1948) 


In spite of marked advances and high interest in purine and nucleic acid 
biochemistry in recent years (7), adequate methods in quantitative purine 
chemistry are still not available. At present there is no method suitable 
for the accurate estimation of adenine in mixtures of purines; a similar situ- 
ation exists for the other common purines, with the exception of uric acid. 
The newly proposed chromatographic (9) and counter-current distribution 
(8) procedures, as well as the method of differential spectrophotometry (5), 
may prove valuable for the determination of purines in mixtures, but their 
usefulness has not as yet been demonstrated. The proposed use of a 
mutant strain of Neurospora crassa has been shown to have little value for 
the estimation of purines in mixtures (6). Thus, the report that Clostridium 
acidiurici is able to bring about a fairly complete decomposition of guanine, 
xanthine, and hypoxanthine, but not of adenine (1), led to the suggestion 
that this highly specific bacterium may be useful for the quantitative esti- 
mation of this purine. 

This paper reports progress that has been made in developing a specific 
microbiological method for the estimation of adenine. It is shown that 
highly accurate adenine determinations in purine mixtures are possible by 
the use of Clostridium acidiurici. The purine content of a commercial 
sample of yeast nucleic acid (ribonucleic acid) is also reported. 


Methods and Materials 


Heavy cell suspensions of Clostridium acidiurici (strain 9a) were pre- 
pared as previously described (1) with the exception that a medium con- 
taining 0.2 per cent uric acid and 0.02 per cent hypoxanthine was used for 
growth of the organisms. Cells grown on this medium have a higher activ- 
ity towards hypoxanthine than those grown on uric acid alone. Substrate 
decompositions were carried out in small evacuated reaction vessels or 

* Authorized for publication on July 12, 1948, as paper No. 1452 in the Journal 
Series of the Pennsylvania Agricultural Experiment Station. This work was sup- 


ported in part by a research grant from the National Cancer Institute of the National 
Institute of Health, United States Public Health Service. 


‘Since adequate methods for uric acid are available and also because it is readily 


removed from biological systems by action of uricase, it has not been considered in 
this paper. 
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Thunberg tubes. The total volume of cells plus substrate ranged from 4 to 
6ml. Blank determinations on the substrate and cell suspension incubated 
separately were carried out and the indicated corrections were made to the 
analytical data. 

Ammonia, acetic acid, and carbon dixoide were determined as previously 
outlined. Acetic acid was identified by Duclaux distillation. , 

Yeast nucleic acid (YNA) was hydrolyzed by the method of Graff and 
Maculla (2). It was found that complete liberation without decomposition 
of the purines was accomplished by heating at 100° with about 1 N HC] ove 
a rather wide period of time (45 minutes to 2 hours). 1 gm. of YNA was 
dissolved in 10 ml. of 1 nN HCl, heated to boiling for 1 hour, cooled, ney. 
tralized, and diluted to a volume of 100 ml. Aliquot portions of this soly. 
tion were taken for further work. 

Free purines were isolated by the method of Hitchings and Fiske (4), 
This method is fast, and quantitative recovery (98 to 100 per cent) of free 
purines, whether present singly or in mixtures, is regularly attained. 

The purines used were obtained from commercial sources and were found 
to contain 98 to 99 per cent of the theoretical N content. The yeast nucleic 
acid, also a commercial sample, had a nitrogen content of only 92 per cent 
of the theoretical value, based on the polytetranucleotide formula. No 
attempt was made to purify this material further. 


EXPERIMENTAL 


Clostridium acidiurici (strain 9a) was shown (1) to be able to carry outa 
fairly complete decomposition of xanthine, guanine, and hypoxanthine, but 
to have little or no action on adenine. Work on these purine decompos- 
tions has yielded data which are summarized in Table I. Ammonia, carbon 
dixoide, and acetic acid are shown to account for 91 to 97 per cent of the 
carbon and nitrogen of the purines decomposed. The values shown are 
averages of a number of determinations made over a period of several years. 
The range of values is given to indicate the variation which may be expected 
in these determinations. The experimental error in the ammonia deter- 
minations as carried out in this work is seen to be about +2 per cent, for 
-arbon dixoide about +4 per cent, and somewhat larger, +8 to 9 per cent, 
for acetic acid. The conversion of purine N to NH;-N is seen to vary from 
93 to 97 per cent, with an average of 95 per cent. 

Ammonia production from adenine has not been detected? in these exper 
ments. There is some volatile acid produced from adenine; although m0 








attempt has been made to identify this acid, it may be expected to consis | 


of acetic acid. 


2 Reported NH; production from adenine (1) has not been found in these more 
recent experiments. 
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Since these experiments show a nearly complete and constant conversion 
of xanthine, guanine, or hypoxanthine nitrogen to NH;-N, while no such 
reaction occurs with adenine, ammonia production by Clostridium acidiurict 
from mixtures of purines may be expected only from the former three 


TABLE [ 
Products of Action of Cell Suspensions of Clostridium acidiuricit on Purines 


The average values shown are from five or more analyses. 








Production per 100 moles substrate Per cent recovery 
Substrate* a a - 
Acetic acid oo Ammonia | Nitrogen Carbon 
moles moles moles 

Xanthine, average 89 279 380 95 91 
« range.... ; ee 88-96 | 276-286 | 368-384 | 92-96 90-96 

Guanine, average. . 84 286 485 97 9] 
" PANMOE Ss sor pane coeee 79-89 | 279-303 | 468-490 95-98 87-96 

Hypoxanthine, average...... 116 225 371 93 91 
s range..... e ..| 111-120 | 220-228 | 360-376 90-94 88-94 

Adenine, average............... Ot 0 0 


* Quantities of substrate varied from 0.5 to 3 mg. of purine N. 
t Not identified as acetic acid. 


TABLE II 
Determination of Adenine Content of Mixtures of Purines 


4 ml. of substrate, 1 ml. of cell suspension, 1 ml. of phosphate buffer, pH 7.2. 
Incubated 14 hours at 35° in evacuated Thunberg tube. 
Purine nitrogen taken 
| — “ 2 Ammonia N | Adenine N, Adenine 
Tube No. found* by difference, recovered 


Xanthine Guanine — Adenine 
még. mg. meg. | mg. . mg. per cent 
0.439 0.521 0.395 0.563 1.356 0.562 100 
2 0.439 0.521 0.395 0.563 1.345 0.573 102 
3 0.439 0.521 0.395 0 1.358  —0.003 
4 0.439 0 0.395 0.563 0.821 0.576 102 
5 0 0.521 0.395 0.563 0.914 0.555 98 
6 0.439 0.521 0.790 0 1.760 —0.010 


* Corrected for average of 95 per cent recovery from purines. 


purines. A number of experiments have been carried on which demon- 
strate this to be the case. 

The results of one such experiment are summarized in Table IT. A cell 
suspension of Clostridium acidiurici was allowed to act on a solution con- 
taining the indicated mixture of purines at pH 7.2 for 14 hours at 35°. 
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Ammonia production was then determined. The ammonia productig: 
shown is a corrected value obtained by dividing the actual ammonia fou; 
by the factor 0.95, which is the average value for conversion of purine ¥ 
shown in Table [. This introduces some slight error in those cases in whig, 
the decomposable purines are not present in approximately equal amounts 
Adenine N is then calculated by subtracting the corrected NH;-N from th 


total purine N, which is known in this experiment, or which may be dete. | 


mined experimentally as will be shown later. The data show that th 
adenine content of the mixtures as calculated from analytical values agregs 
satisfactorily with the known amount of adenine taken. The percentag 
recovery in the data presented here is 98 to 102 per cent, which is about the 
experimental error for the ammonia determination shown in Table | 
Other data indicate that an accuracy of +3 per cent may be expected, 


Tase III 
Analysis of Purine Content of Yeast Nucleic Acid 


The values are per cent of yeast nucleic acid. 


Guanine N (non-adenine 
purine N ny 
Total N Purine N Adenine X 
. by difference 
Purines not Purines 
isolated isolated 
Theoretical values cats 16.55 10.06* 5.03* 5.03* 5.03* 
Determined ‘“ ccavea) oe 9.94 5.06 1.95 


4.99 


* Based on yeast nucleic acid N content of 15.09 per cent. 


It is obvious that application of this procedure to complex biological 
material depends on a separation of the purines from other nitrogenow 
substances in order to arrive at a true value of the purine N. A separation 
is necessary also because it has been shown that glycine and perhaps other 
nitrogenous compounds are decomposed by Clostridium acidiurici with 
ammonia production in the presence of purines (1). The method of Hite: 
ings and Fiske has been found to be a satisfactory means of separating fre 
purines and of producing a solution of the purines suitable for decomposition 
by cell suspensions of Clostridium acidiurict. 

The data presented in Table III illustrate the use of cell suspensions ¢ 
Clostridium acidiurict in the determination of the purine content of yeas 
nucleic acid. Total N was determined on an aliquot of the unhydrolyzé 
sample. Free purines were isolated from the hydrolyzed sample, and sub 
jected to total N determination and to action of cell suspensions of Clo 


tridium acidiurici. The hydrolyzed sample was also treated with ce | 


suspensions before isolation of the free purines. Ammonia N was deter 
mined on the samples subjected to action of the bacterial cells. 
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The results show that the purine N is very nearly that expected from 
consideration of the total N content of 15.09 per cent and the theoretical 
polytetranucleot ide formula for yeast nucleic (ribonucleic) acid. The total 
purine N determined on the isolated purine fraction is found to be 9.94 per 
cent, as compared with a theoretical value of 10.06 per cent. The adenine 
N content measured by the non-decomposable purine N is shown to be 
4.99 per cent as compared with a theoretical value of 5.03 per cent. The 
decomposable purine N, presumably guanine as will be shown later, is 
4.95 per cent, theoretical value 5.03 per cent. A similar value for guanine 
N in the hydrolyzed but not separated purine fraction is seen to be 5.06 per 
cent. The series of values reported in Table III are from a single analysis. 
However, almost identical values have been obtained in three additional 
complete analyses as well as several other partially complete analyses. 


TABLE IV 
Identification of Decomposable Portion of Yeast Nucleic Acid 
The values are averages of five or more analyses; the range of values is shown in 
parentheses. 


Carbon dioxide Acetic acid 


Substrate produced* produced* 
Hydrolyzed YNA, purines not isolated............ 57 (53-62) | 19 (18-21) 
Purines isolated from YNA.................. , Ok 56 (55-57) | 16 (15-17) 
Guaninef...... PAS. ean ete sR 59 17 
MME eh eth, Sy eho, cache kee oe ewe tess ak 73 23 


NR IRRN ATR oc dass 8g G0 Gaile eas cbas ee rie he 61 31 


* Based on NH; production as 100. 
+ Caleulated from average values shown in Table I. 


Identification of the decomposable purine fraction is made possible by 
consideration of the quantities of acetic acid and carbon dioxide formed 
during the dissimilation process. The values for acetic acid and carbon 
dioxide production from known samples of the three labile purines are 
shown in Table IV calculated to the basis of ammonia production equal to 
100 from the data in Table I. These values may be compared with similar 
values found on analysis of fermented purines from yeast nucleic acid. 
The values for the decomposable portion of the purines of yeast nucleic acid 
are slightly lower than the values for pure guanine, but are widely different 
from the values for xanthine or for hypoxanthine. 

Some preliminary work has been done to determine the effect on ana- 
lytical results of additions of purines to YNA before hydrolysis. Quanti- 
tative recoveries of such added purines in the purine N fractions have been 
achieved. Indications are that quantities of added purine N which are 
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less than 5 per cent of the total purine N in the sample will not affect thy 
acetic acid and carbon dioxide values enough to be detected. Presenee ¢ 
added hypoxanthine is most easily detected due to the greater relative gejj 
production, as seen in Table IV. 

DISCUSSION 

The specificity of Clostridium acidiurict makes possible a quantitatiy. 
separation of adenine from other commonly occurring purines. A method 
for the estimation of adenine has been developed in which the non-decom. 
posable purine N is assumed to be adenine N. This assumption is valid 
in most instances because most biological systems contain only commo 
purines (uric acid, xanthine, guanine, hypoxanthine, and adenine). Hoy. 
ever, in some cases, large amounts of purines or purine derivatives arp 
present which are precipitable as cuprous complexes and which are non. 
decomposable by Clostridium acidiurict. Therefore, general specificity o 
the method for adenine cannot be claimed. In spite of this, it is believed 
that the method has value in purine chemistry. Further work is being 
done on chemical and microbiological means for the identification 
adenine in the non-decomposable fraction of purine mixtures. 

Identification of decomposable purines when present singly or in binary 
mixtures with adenine is made possible by determination of the ratios of 
ammonia, carbon dioxide, and acetic acid produced. The ammonia pro- 
duction is a measure of the quantity of such purine decomposition, 
Attempts have been made to estimate amounts and identities of thre 
decomposable purines in mixtures by use of simultaneous equations. But 
the magnitude of experimental errors shown in Table I is too large for such 
a method to be successfully employed. The existence of mixtures of decom: 
posable purines can be detected if appreciable quantities of all components 
are present, but the identification of the individual purines is not ye 
possible. 

Gulland (3) has found the ratio of purine N to pyrimidine N in ribo 
nucleic acid to be 1.86 instead of 2.00 which is predicted by the tetranucleo 
tide formula. From the data given in Table III the purine N to pyrimidine 
N? ratio of the yeast nucleic acid studied may be calculated to be 1%. 
However, since any loss of purine N increases the value for pyrimidine }, 
it is believed that the difference in ratio between 1.93 and 2.00 is well withit 
the experimental error for this determination. The quantities of guanilt 
N and non-decomposable purine N (presumably adenine) are also equsl 
within experimental error. The data thus support the polytetranucleotit! 
formula for yeast nucleic (ribonucleic) acid. 


3 Pyrimidine N calculated as the difference between total N and purine N. 
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SUMMARY 


A microbiological method for the estimation of adenine in the presence 
of other commonly occurring purines is presented. The method is based 
on the specificity of Clostridium acidiurict. 

2. Determination and identification of other common purines in binary 
mixtures with adenine is possible by this procedure. 

3. The purine content of a commercial sample of yeast nucleic acid is 
found to agree very well with the polytetranucleotide formula. 
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Apart from physical and chemical data, there is immunological evidence 
for the presence of several globulins in animal and human sera (1-3). 
Kendall (3) isolated from human serum, by salt precipitation, a globulin 
fraction which satisfied the immunological criteria for a homogeneous pro- 
tein. Other globulin fractions could not be shown to be immunologically 
homogeneous, although they differed antigenically from the homogeneous 
fraction which is now known to be y-globulin (4). 

Determination of the protein content of the precipitate produced by 
addition of varying amounts of homogeneous antigen to a constant quantity 
of homologous antiserum permits construction of a curve from which the 
antigen present in an unknown solution may be estimated from the protein 
content of the antigen-antibody precipitate (5). With an antiserum specific 
to y-globulin, Kendall (3) and Kabat, Glusman, and Knaub (6) have 
determined the amount of reactive antigen present in normal and abnormal 
human serum and other body fluids. 

We have examined highly purified y-globulin fractions II-1,2 and II-3 
as to immunological homogeneity and immunological equivalence. The 
quantity of reactive antigen precipitated by the y-globulin antiserum was 
measured in normal and abnormal human sera. The values obtained with 
this immunological technique have been compared with electrophoretic 
estimations of y-globulin in the same sera. Some electrophoretic and 
ultracentrifugal observations on human y-globulins are also presented. 


Electrophoretic and Ultracentrifugal Observations 


The y-globulins used in this study were prepared by Method 9 of On- 
cley et al. (7) and are the same lyophilized preparations which have been 
previously analyzed for carbohydrate and various amino acids (8). These 
preparations are II-1 ,2, Squibb 324-329, and II-3, Squibb 341. 

The proteins were studied electrophoretically in a Tiselius apparatus 


* This investigation was supported by grants from the Life Insurance Medical 
Research Fund and the United States Public Health Service. 
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equipped with the Longsworth schlieren scanning device with univalen 
buffers at an ionic strength of 0.1. Most of the observations were made 
at a protein concentration of about 1 per cent except in the region of the 


> — 
A B. é. 





























Fig. 1. Descending patterns obtained on electrophoresis of human y-globulins 
The protein concentration was about 1.0 per cent, except for B (0.3 per cent) andD 
(0.4 per cent). The photographs were taken at 250 minutes, with the exception of 
B, which was taken at 167 minutes. The II-3 globulin is shown in A, veronal buffer, 
pH 8.55; in B, cacodylate, pH 7.25; in C, acetate, pH 5.14; and in D, acetate, pH3.4%. 
The II-1,2 globulin is shown in EZ, veronal, pH 8.47; in F, cacodylate, pH 6.79; in6, 
acetate, pH 4.15; and in H, acetate, pH 3.44. 


isoelectric point of the II-3 globulin, where its insolubility necessitated the 

ha . fe) “ bs . ] 
use of lower concentrations. Some of the patterns which were obtamed 
are shown in Fig. 1. 
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We were unable to detect the presence of any other serum proteins in 
these preparations. However, some of the patterns show greater sym- 
metrical spreading than would be expected for electrophoretically homo- 
geneous particles. It is also evident that the patterns obtained at acid pH 
values are not symmetrical, giving further indication of the inhomogeneity 
of these y-globulins. The electrophoretic properties of human y-globulins 
have also been recently studied by Alberty (9). 

In Fig. 2 the electrophoretic mobilities are shown as a function of pH for 
both of the y-globulins as obtained from descending migrations at an ionic 
strength of 0.1. The apparent isoelectric point of the II-1,2 fraction is at 
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Fic. 2. Electrophoretic mobility as a function of pH for human y-globulins II-1,2 
and II-3. 


All of the measurements were determined from descending migrations at 
1° in univalent buffers at an ionic strength of 0.1. 
with a glass electrode at 25°. 


The pH measurements were made 
pH 7.3 and of the II-3 fraction at pH 6.85. These values are consistent 
with the previously recorded differences in the basic amino acid content 
of these proteins (8). 

Human y-globulins prepared by alcohol fractionation methods have been 
found to be inhomogeneous in the ultracentrifuge (10). We have made 
some studies with the preparations used in this investigation and have 
obtained results that are in agreement with previous observations. The 
II-1,2 and II-3 preparations contain about 75 per cent of a component 
with S25 about 6.5 to 7.0 Svedberg units, and 25 per cent of heterogeneous 
heavier material which sediments over a range of about 9 to 17 Svedberg 
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units. No material lighter than the principal component was found jy 
either preparation. Observations were made on 1 per cent protein golp. 
tions in 0.15 M NaCl at pH 7.0 or in 0.1 M veronal buffer at pH 8.5. The 
instrument was the electrically driven ultracentrifuge manufactured by 
the Specialized Instruments Corporation of Belmont, California. 


Immunological Observations 


Material and Methods—Female rabbits were immunized with alum. 
precipitated suspensions of y-globulin fractions II-1,2 and II-3. The 
animals received 0.5 to 2.0 mg. of antigen intravenously four times a week 
for 4 to 6 weeks. For the quantitative precipitin determinations, 0.5 ml, 
of heat-inactivated antisera (56° for 30 minutes) was placed in a 10 nl. 
centrifuge tube. Antigen in 0.5 ml. of 0.15 m NaCl was then added, the 
fluid was mixed thoroughly, and kept at 4° for 48 hours. The precipitate 
was centrifuged for 30 minutes at 2000 R.P.M. with a maximum temperature 
of 7° in the tube. The sediment was drained and then washed with 3.0 ml, 
of chilled 0.15 m NaCl. This was immediately centrifuged and again 
drained.!. The protein content of the precipitate was determined by the 
tyrosine method described by Heidelberger and MacPherson (11). The 
standard tyrosine curve was constructed from spectrophotometric measure. 
ments of y-globulin II-1,2 in known quantities, as determined by a micro- 
Kjeldahl technique. Values for antigen are expressed as mg. of prolein 
per ml. of fluid. The protein content of the precipitate, in mg., represents 
the quantity produced by addition of 1 ml. of antiserum to 1 ml. of antigen. 
For estimation of the y-globulin content of human serum by the immuno 
logical technique, it was necessary to dilute the serum 1:30 to 1:250 before 
addition of the standardized antiserum. The supernatants always con- 
tained an excess of antibody. Duplicate determinations of the protem 
content of the precipitate were performed. 

Immunological Homogeneity of y-Globulins—In Table I the quantitative 
estimation of the precipitate formed by addition of varying quantities 
fractions II-1,2 and II-3 to their homologous antisera is presented. The 
supernatant fluid was examined for presence of excess of antigen by add: 
tion of antiserum and for excess of antibody by addition of antigen. Table 
I also includes the calculated values for the antibody expected from the 
quantity of antigen added, with Equations 3 and 6 of Heidelberger ani 
Kendall (5). Equation 3 may be expressed: (Ab/An) = (2R — R?/A(An 


1 We have found that a single washing of the precipitate is sufficient to remove the 
proteins of the supernatant fluid under the conditions specified when the volume# 


wash fluid is extremely high as compared to the minute quantity of precipitate. h | 


tests where an additional washing was performed, only a negligible color reaction Wa 
given by the wash fluid. 
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where Ab is antibody and An is antigen in mg. A represents the total 
units of reactive antibody in the system and RF represents the value for 
Ab/An at the zone of equivalence, where there is no free antigen or antibody 
in the system. By plotting the experimentally observed values for Ab/An 
against An, a straight line is obtained for pure antigens. The intercept of 
the line on the ordinate equals 2R and the slope is represented by — R?/A. 
From these values, it is possible to calculate the amount of antibody which 
may be obtained by the addition of a known quantity of antigen. 


TABLE I 


Quantitative Precipitation Data with Homologous Antigen and Antibody of Human 
y-Globulin 











| Antibody Supernatant 
Pes f | Antibody 
— gy or | Total ppt. | | Calcu- | Calcu- antigen 
E | Observed | lated lated observed Antigen | Antibody 


| (Equation | (Equation 
3) 6 











| 
| 
| 
| 


| me. me. mg. mg. me. 

II-1,2 | 0.10 10 | 0.9 0.9 0.9 8.7 44 wt 
0.3¢ 2.5 2.2 2:3 2.3 7.3 4+ | — 
0.50 4.1 3.6 3.5 3.4 7.2 44 ~ 
0.60 4.4 3.8 3.9 3.8 6.3 44 - 
0.75 5.7 4.9 4.5 1.4 6.4 44 - 
0.85 5.7 4.9 4.8 5.7 + = 
0.95 5.9 4.9 1.9 5.2 _ a 
1.05 5.6 4.6 - fp 

II-3 0.10 1.0 0.9 0.9 0.9 9.0 te - 
0.20 ‘9 1.5 1.6 1.6 7.6 44 _ 
0.30 2.3 2.0 2.2 2.1 6.7 44 - 
0.40 3.0 2.6 2.6 2.6 6.5 44 = 
0.50 3.6 3.1 3.0 2.9 6.2 bt ~ 
0.60 3.8 3.2 3.2 3,2 5.3 + _ 
0.60* 4.0 3.4 3.2 3.2 5.7 + ow 
0.70* 4.4 3.7 3.4 5.2 . n 
0.80* 4.8 4.0 _ + 





*Serum + antigen stood 96 hours instead of 48 hours in the cold. 

Equation 6 is expressed as follows: Ab/An = 3R” — 2(R”)3An/A}}. 
The symbols have the same meaning as in the previous equation. Equa- 
tions 3 and 6 are valid only in the region of antibody excess. It will be 
observed that the calculated values obtained from these equations are 
consistent with the observed values for both the II-1,2 and II-3 globulins 
With the homologous antisera (Table I). The same results were obtained 


with four different antisera to II-1,2 globulin and three antisera to II-3 
globulin. 
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It should be noted that, with both antigens, the supernatant did no 
contain antigen and antibody simultaneously. This constitutes oy 
criterion for immunological homogeneity (12). In Fig. 3 are presenta 
examples of findings when “antibody/antigen” is plotted against antigen 
Within the limits of the experimental error, straight lines were obtained 
These results offer further evidence that the antigens behave as immunolog. 
ically homogeneous proteins. / 

Immunological Equivalence of y-Globulins II-1,2 and. II-3—Whe 
antiserum to fraction II-1,2 was treated with an excess of fraction II3, 
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ANTIGEN IN MG. PER ML 

Fig. 3. The ratio of antibody to antigen as a function of antigen added. Thee 
data are presented with solid lines expected from theory for homogeneous proteins 
The values on the left are for an antiserum to the II-1,2 globulin, and those on th 
right for an antiserum to the II-3 globulin, O, II-1,2 antigen, @, II-3 antigen, ie 
both experiments; the solid lines are drawn to fit the values for the homologous a 
tigen; the dash lines give the total precipitates obtained with different amounts (i 
antigen; the ordinate values are given on the extreme right. 


it failed to react with II-1,2, the homologous antigen. The same findig 
was obtained with antiserum to fraction II-3 when it was absorbed wil 
II-1,2 antigen. In Table II quantitative comparative studies of the ant: 
gens are given. The amounts of precipitate recovered by addition of equ! 
quantities of II-1,2 and II-3 antigens to II-1,2 antiserum are presented 
Within the limits of experimental error, the precipitates in the regioa! 
antibody excess were equivalent. The addition of both antigens to IP 
antiserum gave similar results. 

In Table III are presented the quantities of antigen in several hum) 
sera which precipitated with various rabbit antisera to fractions IIl- 
and II-3. A curve was constructed for each antiserum by adding know 
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quantities of homologous antigen and determining the total precipitate 
formed. Greatly diluted human sera were added to the standardized 
antisera. The amount of reactive antigen in the human sera, within the 
zone of antibody excess, was then calculated from the curves. Within the 


TABLE II 


Quantity of Precipitate Obtained with II-1,2 and 11-3 Antigens Added to Homol- 
ogous and Heterologous Antisera 





Quantity of ppt. 


Antiserum No. Animal No. Antigen added 


Antigen II-1,2 Antigen II-3 





a = == — om 


mg. per ml. me. per ml. mg. per ml. 
II-1,2 W-4 0.10 0.8 0.7 
II-1,2 W-4 0.15 1.0 1.0 
II-1,2 W-4 0.25 1.6 1.7 
II-3 W-7-I 0.10 1.0 0.8 
II-3 W-7-I 0.15 1c 1.5 
II-3 W-7-I 0.25 2.0 ey 
II-3 W-7-II 0.10 1.0 1.0 
II-3 W-7-II 0.20 1.9 | Pe 5 
II-3 W-7-II 0.30 2.6 2.3 
II-3 W-7-II 0.40 3.3 3.0 





TaB_e III 
Estimation of Immunological y-Globulin by Using Various Antisera with Human 
Serum As Antigen 
The amount of precipitate is given as gm. of protein per 100 ml. of human serum. 
The various antisera are differentiated by the rabbit identification numbers and the 
antigen in parentheses used for immunization. 








-Globulin calculated in ppt. 
Human serum 








No. Rabbit W-16-1 Rabbit W-16-II | Rabbit W-4 Rabbit W-7-I Rabbit W-7-II 
(II-1,2) (II-1, 2) (II-1,2) (II-3) (II-3) 

1 2.4 2.7 2.4 2.8 2.5 

2 2.3 2.5 | 2.2 2.1 

3 1.0 1.0 1.1 

4 4 OLS hi 

5 2.1 29 2.0 0 


limits of error which were necessarily great because of the enormous di- 
lutions of the human serum antigens, the values with various II-1,2 and 
II-3 antisera appear comparable. 

Immunological Estimation of y-Globulin in Human Sera—By using the 
technique just described above, the total quantity of reactive antigen to 
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y-globulin antiserum was estimated for fifteen normal human Sera. The 
values ranged from 1.02 to 2.29 gm. per 100 ml. of sera (13 to 32 per cent , 
the total serum protein). The mean value was 1.74 gm. or 24 per cent 
of the total serum protein. The corresponding electrophoretic values for 
the total y-globulin in the fifteen sera ranged from 0.30 to 1.25 gm, ie 
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Fic. 4. Electrophoretic estimation of serum y-globulin as compared with them 
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if the two methods give concordant results. The electrophoretic estimations we 
made at 1.5 per cent protein concentration from descending migrations in vero 
buffer at pH 8.4 to 8.6 for 250 minutes. The values are the sum of both y and’ 
components. 


100 ml. of serum (4 to 17 per cent of the total serum protein). The met 
value was 13 per cent or 0.90 gm. per 100 ml. In Fig. 4, comparatit 
immunological and electrophoretic estimations for y-globulin, expressed! 
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per cent of total serum protein, are given for fifteen normal sera andit 
nine abnormal sera. It will be noted that the results for y-globulin 
tained immunologically are considerably higher than the electrophort 
cally determined values for y-globulin. In fact, there appears t0* 
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roughly 10 per cent additional serum protein which reacts immunologically 
as y-globulin. 


DISCUSSION 


The immunological homogeneity of the two y-globulin fractions IT-1,2 
and II-3 is somewhat surprising, since both preparations are inhomogeneous 
with respect to electrical charge and size, and since they are known to 
contain a mixture of antibodies (13). However, the globulin fraction 
isolated by Kendall (3) was also found to be homogeneous immunologically. 
The immunological homogeneity of the two preparations provides further 
evidence that the particles of different size observed in the ultracentrifuge 
truly represent y-globulins and not unrelated extraneous proteins (10). 
Somewhat more unexpected is the apparent immunological equivalence of 
the two preparations in spite of their differences in solubility, electropho- 
retic mobility, and chemical composition. 

It should be emphasized that, in our study, the amounts of antigen 
employed for production of antisera were small and the antibody titers 
were low. With larger quantities of antigen for immunization, less specific 
antibodies may be formed. Also, slight impurities present in the immuniz- 
ing antigen may give rise to other antibodies. For example, Deutsch et al. 
(14) found that rabbit antiserum prepared by three intraperitoneal injec- 
tions of 100 mg. of y-globulin also reacts with human albumin. No such 
cross-reaction occurred with our antisera. Kabat and Heidelberger (15) 
found that antiserum to crystalline horse serum albumin reacts with 
homologous antibody as a pure antigen only when the rabbit antiserum is 
prepared with small quantities of immunizing antigen. 

Our finding of 1.02 to 2.29 gm. of y-globulin per 100 ml. of human serum 
as estimated immunologically is in excellent agreement with Kendall’s 
values (3) of 1.1 to 2.1 gm. by using antisera to his globulin. This agree- 
ment is particularly noteworthy since Kendall’s globulin was prepared by 
salt fractionation, whereas the proteins used in our study were isolated by 
an alcohol precipitation method (7). The immunological values are con- 
siderably in excess of the electrophoretic estimations (Fig. 4), although 
we have included in our electrophoretic y-globulin values the sum of the 
v1 and y2 components identified in normal human serum by Deutsch, 
Alberty, and Gosting (16). The 7:-globulin is generally obscured by the 
fibrinogen peak in plasma. 

It is evident that the antibody to y-globulin reacts not only with the 
y-globulin which is estimated electrophoretically, but with an additional 
serum constituent. Obviously, immunological evaluation of y-globulin 
will give higher results than the electrophoretic estimations. Nevertheless, 
the immunological determinations may be useful in selected instances for 
the study of abnormal sera and other body fiuids (6). 
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Although the material which cross-reacts immunologically with , 
globulin is still unknown, certain of its characteristics can be describe 
It is not albumin since our antisera did not react with human albumj 
Therefore, the substance must be present in one of the globulin fractions 
In some of the sera, it is present in larger amounts than the electrophoret. 
cally estimated y-globulin, and must constitute a large part of the e » 
6-globulins. 

The apparent cross-reaction between y-globulin antisera and some othe 
component of human serum is not the first instance in which this has beey 
found. Treffers, Moore, and Heidelberger (17) demonstrated that hors 
8-globulin can react with antisera to horse y-globulin. Although th 
human y-globulins apparently contain most of the known antibodies tj 
disease (13), there is evidence that the T- and y-globulins of the horse (18 
and the cow? do not possess all of the antibody activities found in the sey 
of hyperimmunized animals of these species. Our finding that proteiy 
immunologically related to y-globulin occurs in the a- or 8-globulins sugges 
that this related protein also may be capable of possessing antibody x 
tivity in the human. 


SUMMARY 


1. The human y-globulin fractions II-1,2 and II-3 possess isoelectry 
points at pH 7.3 and 6.85, respectively. Although no other serum ca 
stituents could be detected electrophoretically in these fractions, both 
show some evidence of electrical inhomogeneity. Likewise, neither fraction 
is homogeneous in the ultracentrifuge. 

2. Both y-globulins (II-1,2 and II-3) behave as homogeneous antigen 
towards rabbit antisera, thus providing additional evidence that the par 
ticles of different electrophoretic mobility and size are truly y-globulin 
The two fractions appear to be immunologically equivalent in spite of ther 
known differences in other properties. 

3. Antisera to human y-globulin react with some additional, and as ye 
unidentified, globulin component of human serum. This yields abnormal 
high values for immunologically determined y-globulin when compat 
with the electrophoretic estimations. 
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THE BIOCHEMISTRY OF THE METABOLIC FECAL 
PROTEIN NITROGEN 


By ANTHONY A. ALBANESE, VIRGINIA I. DAVIS, MARILYN LEIN, anp 
EMILIE M. SMETAK 


(From the Department of Pediatrics, New York University College of Medicine, and 
the Children’s Medical Service, Bellevue Hospital, New York) 


(Received for publication, June 9, 1948) 


In determining the nutritional value of various protein preparations in 
the infant in terms of nitrogen balance and growth response, it occurred 
to us that these results would gain in significance if the nature of the fecal 
proteins excreted under the various regimens were known. Although it is 
clear from the literature that the amount and composition of the fecal fat 
are to a large extent independent of the dietary fat (1), we were unable to 
find any clear evidence on the effect of dietary proteins on the composition 
of the fecal proteins (2). The attempt to assess the nature of this relation- 
ship raised the problem (a) of finding a suitable method for the quantita- 
tive determination of fecal proteins and (b) of isolating suitable quantities 
of these proteins for amino acid analysis. Heretofore only qualitative or 
indirect quantitative (3) procedures have been employed for the estimation 
of fecal proteins. 

After a number of preliminary experiments we found that the fecal pro- 
tein could be determined quantitatively by a micro-Kjeldahl analysis of 
the proteins precipitated isoelectrically at pH 6.0 from an alkaline ethanol 
extract of an aqueous homogenate of the feces. The analytical adequacy 
of this technique was further demonstrated by recovery tests and by its 
failure to measure proteins of the intestinal flora. Application of the 
method to the stools of ten infants on various diets for periods ranging from 
1 to 16 weeks revealed that an average of 22.4 per cent of the fecal N arises 
from the protein moiety and that fluctuations from this mean value are 
spontaneous and not related to the diet. 

Analyses of fecal proteins isolated by a modification of the an alytical pro- 
cedure from the stools of these infants disclosed that the amino acid com- 
position of these products was unaffected by the use of whole milk proteins, 
casein-, tryptophan-, isoleucine-, or lysine-deficient preparations as the 
nitrogen component of the diet. This observation, the absence of bacterial 
bodies from the protein fraction, and the uniformity of amino acid pattern 
of the different fecal protein specimens suggest that this stool fraction is 
not derived from residues of the dietary N or from the bodies of the intes- 
tinal bacteria, but from definite intestinal secretions. 
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EXPERIMENTAL 

Exploratory tests disclosed that the fecal protein could be isoelectricaly 
precipitated from the alkaline alcoholic extracts by adjustment of the pl 
to 6.0 + 0.1 with HCl, H.S80O,, or trichloroacetic acid. The isoeleety; 
point of this protein is to be compared with that of casein, 4.6, and lactal 
bumin, 4.5 to 5.5 (4)... The protein can also be precipitated by half saturs. 
tion of the extract at pH 7.0 with ammonium sulfate. The negative Exton, 
biuret, and trichloroacetic acid tests, given by filtrates from the isoeleetri 
or salt precipitation of the protein, indicated that either of these two pro. 
cedures could be employed in the quantitative measurement of the fees] 
protein N. 

Determination of Fecal Protein N—24 hour stools were collected in wid 
mouth preserving jars containing 40 cc. of 70 per cent ethyl alcohol. Prin 
to removing samples for analysis the volume of the mixture was adjusted 
to 200 ce. with water and homogenized with a mechanical stirrer. (5 day 
pools were collected in 200 cc. of 70 per cent ethanol and made to 1 lite 
with water before analysis.) To duplicate 10 ce. aliquots of the homog 
enate, which were transferred into 40 cc. graduated centrifuge tubes by 
means of a wide tipped Mohr pipette, were added 1 cc. of 10 per cent NaOH 
and 95 per cent ethanol to the 20 cc. mark. These specimens were then 
stirred mechanically for 5 minutes with an air-driven stirrer and centr: 
fuged for 10 minutes at 3000 R.p.m. A clear supernatant fluid was usually 
obtained; if it remained cloudy it was clarified by filtering through fluted 
Whatman paper No. 12. To 10 ce. aliquots of the clear fluid in 15 ee. 
centrifuge tubes were added 5 drops of brom-cresol purple indicator (0.0 
per cent alcoholic solution) and the pH adjusted to 6.0 with 40 per cent 
trichloroacetic acid (about 0.7 ec. is required). The reaction mixture was 
stored in the refrigerator for 30 minutes and then centrifuged. The super 
natant fluid was discarded and the precipitated protein was washed by 
resuspension in 5 cc. of cold 5 per cent trichloroacetic acid, centrifugation, 
and decantation of the supernatant fluid. The washed protein precipitate 
were then transferred quantitatively to 100 cc. Kjeldahl flasks with the 
aid of a minimum amount of water and the nitrogen content was dete 
mined by the micro-Kjeldahl procedure of Meeker and Wagner (5). The 
analytical adequacy of the single extraction was demonstrated by the ab 
sence of protein in a second alkaline alcohol extract of the first extraetid 
residues. The total N of the stool suspension was determined by diret 
micro-Kjeldahl analysis of 10 cc. aliquots of the homogenate. 

Isolation and Analysis of Fecal Protein—In order to avoid contamilt 
tion of the fecal protein by residues of a previous dietary regimen, the 
various diets were fed for 2 or more successive weeks and the fecal protelti 
isolated from the feces collected during the last week of the diet period. | 
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Aliquots of the 5 day pools of two or three infants, sufficient to make a 
total volume of 2 liters, were employed for each preparation. These sam- 
ples were combined in a 5 liter round bottom flask and treated as described 
above with a proportionate increase of all the reagents. The final reaction 
mixture was stored overnight in a refrigerator at 4°. The precipitated 
protein was collected by decantation of the supernatant liquid, purified by 
electrodialysis, collected by centrifugation, and granulated by successive 
suspension in 50, 75, and 95 per cent acetone. This product was dried 
ina stream of compressed air and then in a 37° oven for 24 hours. The 
total N, moisture, and ash contents of each sample were determined. 

Subsequently acid and alkaline hydrolysates of these proteins were pre- 
pared. The alkaline hydrolysate was employed for the determination 
of tryptophan by the procedure described by Albanese and Frankston (6). 
The other amino acids were determined in hydrolysates prepared by re- 
fluxing 1.5 gm. of the proteins with 10 cc. of 6 N HCl for 24 hours. The 
total N content of the hydrolysate was determined directly by micro- 
Kjeldahl analysis; then the excess of acid was removed by concentration 
in vacuo and the humin was separated by filtration. The volume of this 
filtrate was adjusted to 50 ec. and appropriate samples were removed for 
the various amino acid analyses. 

Metabolism Experiments—The fecal specimens employed in this study 
were collected from normal healthy male infants who were given the 
various diets in five feedings daily at the rate of approximately 100 calories 
per kilo of body weight and 500 mg. of ascorbic acid together with 15 drops 
of oleum percomorphum daily. The diet periods were of 7 days duration 
and consecutive, but excreta collections were omitted on week-ends to 
avoid complications which might arise from the continued use of restraints. 
The subjects were immobilized by abdominal restraints which were also 
designed to hold the urinary adapters in place. 24 hour urine specimens 
were collected in bottles containing 10 ce. of 15 per cent (by volume) HCl 
and 1 ec. of 10 per cent alcoholic thymol. 

The feces were collected in 19 em. porcelain evaporating dishes which 
were held in place by a properly shaped excavation in the mattress and the 
daily stools were accumulated under refrigeration for each period in jars 
containing 200 cc. of 70 per cent ethanol. The subjects were weighed 
daily during the course of the investigation. 

The synthetic diets fed in this experiment contained approximately 100 
calories per 100 gm., the percentage caloric distribution in all instances 
being as follows: protein 14, fat 36, carbohydrate 50. The composition of 
the synthetic diets is shown in Table I. The evaporated milk formula em- 
ployed in the control experiments (Table IV) had the following composi- 
tion: evaporated milk 40 ec. (55.3 calories), corn syrup 6 ce. (17.7 calories), 
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water 54.cc. This supplied approximately 73 calories per 100 ce. and the 
nitrogen content of each batch was controlled by micro-Kjeldah] analysis, 

The data on nitrogen retention were calculated from the results of nitro. 
gen determinations of the 24 hour urine collections, analysis of the pooled 
feces for each period, and from computation of the daily nitrogen intake 


TABLE I 
Composition of Diets 
All diets were fed at the rate of 100 calories and 3.5 gm. of protein (N X 6.25) per 
kilo of body weight. 





Diets 


Casein Gluten | TH CTH BHb 














gm. gm gm gm gm 

RP MMOATT USO MICIOY cise ac. Giavass a:reseiss aos 6 es 3:5 0 0 0 0 

Gluten (Interchemical).................. 0 $8) 0 0 0 

Acid-hydrolyzed casein*................ ee ee | 0 3.5 3.4 0 
as beef hemoglobin......... 0 0 | O 0 3.4 
IIR 5 ca eae Kok oae nes el 0 0 0 0.06, 0.06 
RENIN coco ccs Sua VES tat eas « aes phvnse. 68.000 | 0 oO | A 0.04) 0.04 
REP CT SUR. arts 9 sip iecvia'd iraiea, 0% owe oSnws | 320 1.0] 1.0 1.0; 1.0 
Eee On op | 4.0; 4.0 | 4.0 4.0 4,0 
Dextri-Maltose No. 2f................0005- | 9.6 9.6) 9.6 9.6) 9.6 
On ne | o8 $3 | $3 23) = 
EC i) nn a a | 1.6 1.6 | 1.6 1:6) 8 
RO RE SOR gO grat ee ee 78.0 | 78.0 | 78.0 | 78.0! 78.0 
BO... .:.. mer eciyp here ee ...++++-+-| 100.0 | 100.0 | 100.0 | 100.0 | 100.0 

oa are a nee me me. ome 

Estimated content of deficient amino acid....... 52 | 6 59 36 


*N X 6.25 = gm. of protein. 

+ Kindly supplied by Mead Johnson and Company. 

t The salt mixture employed had the following composition (measured in gm.): 
FeSO, 0.9, NaCl 6, calcium gluconate 48, Ca(OH). 12, KH,PO,7, KC16, MgO 0.1. 





based on food consumption records and the known nitrogen content of the 
diets. 


Results 


The efficacy of the analytical procedure described previously was evalt: 
ated by recovery tests in which various biological products were added to 
the fecal homogenates. It is clear from these experiments (Table Il) 
that the quantitative isoelectric precipitation of fecal protein is not infiv- 
enced by the presence of the proteins of cow’s milk or human plasms, 
non-protein nitrogenous substances, or the nitrogen of bacterial bodies 
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The cultures of Escherichia coli employed in these tests were grown in 
the medium defined by Sayhun (7), dialyzed free of all unorganized N, and 
concentrated 5-fold by centrifugation. Quite apart from the present pur- 
pose, it is of interest to note that micro-Kjeldahl analysis of the three frac- 
tions derived by the application of our procedure to fecal homogenates 
gave the following percentage nitrogen distribution: protein 27.5, protein- 
free extract 31.3, and residue (consisting in part of bacterial bodies) 41.2. 

Effect of Diet on Fecal Protein Output—The data obtained by the appli- 
cation of the method to the stools of infants fed a Dextri-Maltose-modified 
evaporated milk formula are shown in Table III. Examination of these 
data reveals that the amount of protein occurring in the feces is subject to 
considerable individual variation. By the use of the protein factor (N X 


| 6.25) it appears that 0.4 to 1.2 gm. of fecal protein are excreted daily and 














TABLE II 
Recovery of Fecal Proteins from Infant Stools in Presence of Added Biological 
Products 
jt = Total | 
Feabumpessd orca | soureotaddea | Nig protein | Reqery, 
und 
| me. még. per oe 
10 cc. Feces A, 1.25 mg. Cow’s milk 1.16" 1.25 | 0.0 
ime 6 «CUmB ST Human plasma | 2.18* 0.37 | 0.0 
1 apie Meelis 9:7gs 22". Mi Urine | 1.78 3.20 0.0 
(1 lh alia, ON opr Ml Amigen | 2.09 3.20 | 0.0 
gor. B.2.65 E. coli culture | 0.62 | 2.55 | 0.0 











*These values were obtained by micro-Kjeldahl analysis of the protein pre- 
cipitated by trichloroacetic acid treatment of the biological fluids tested. 


that the amount excreted is unrelated to the N retention or body weight of 
the infant. 

The results of determinations of the fecal protein output of infants fed 
various synthetic diets are given in Table IV. These data reveal that the 
amount of fecal protein is not greatly influenced by the dietary N. In- 
deed the formation and excretion of the protein in normal amounts on diets 
lacking in tryptophan or isoleucine lead one to the conclusion that the fecal 
protein of the infant is an endogenous metabolite and not a dietary residue. 

Effect of Diet on Composition of Fecal Protein—In order to inquire fur- 
ther into the nature of the fecal protein it was isolated from the stools col- 
lected during the various diet periods as described above. The yield of 
purified protein varied from 1.05 to 3.46 gm. per liter of homogenate. 
All of the protein samples analyzed were obtained by isoelectric precipita- 
tion at pH 6.0 + 0.1. These were uniformly insoluble in water, but readily 
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soluble in 10 per cent NaOH, 95 per cent formic acid, and 40 per cent Ure 
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solution, and contained no carbohydrate component. 
fied specimens of the isolated protein showed no proteolytic activity towap) | 


TaBLe III 





Moreover, all pug. 


Fecal Protein Nitrogen Output of Male Infants Fed Evaporated Milk 
All the results are expressed as daily averages. 





Subject Age 
m< 
De. 3 
Ja. { 
Ma. S 
Sh. 2 
Od. 9 
Sm, 4 


Period I 
Body Fecal Fecal 
weight | Nitro- Total Fecal chai protein’ Nitro- 
gen re- fecal protein PN a N of gen re- 
tained Yi N total N retained tained 
kg. mg. mg. mg percent percent meg. 
4.6| 790| 400, 72/18.0| 9.1| 870 
4.0 520 400 69 17.3 13.3 690 
8.5 1000 560 180 32.4 18.0 840 
3.3 1050 450 111 24.8 10.6) 840 
8.5 | 1030 | 440 40°} 18.7 6.8 | 1380 
3:6 860 = 320 wo 2 8.7 950 








Effect of Various Diets on Fecal Protein Nitrogen Output of 


23 . 4 


TABLE IV 


All the results are expressed as daily averages. 





Subject 


Sa. 
Go. 
Ge. 
Sa. 
Go. 
Ge. 
Go. 
Ge. 
Od. 
Ja. 
Ca. 
De. 
Ja. 


casein (8) and no arginase activity towards pD-arginine (9). 


Age Bane A 
mos kg. 
7.5 6.3 
14.0 6.8 
25.7 9.6 
9.5 wok 
16.0 (Pe: 
Zi. 9.9 
16.5 7.4 
28.2 10.0 
11.0 8.2 
7.2 6.0 
3.0 6.5 
4,0 5.6 
4.2 4.8 


Nitrogen 
retained 


Diet 
me. 

Casein 1090 
er 530 
2360 
1890 
470 
1150 
260 
320 
550 
420 
he 320 
Gluten 560 
zn 540 


CTH 
TH 


BHb 





| 
; i 
Period II | 
ey Scr halk ee 
Total 1 prota it 
fecal "N of. 
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acids and previously mentioned characteristics, it would seem reasonable 
to assume that the different samples represent a single protein. The pos- 
sibility of a dissimilarity of pattern for the remaining amino acids, of course, 
exists, but this possibility is contraindicated by the uniformity of the or- 
ganic acid: amino N ratios found for the different samples. The lysine 
content of the protein, 12.2 per cent, is uncommonly high (21). Finally, 
the presence of tryptophan, isoleucine, and lysine in the fecal protein iso- 
lated from the stools of infants fed hydrolysates deficient in these amino 


TABLE V 
Analysis of Fecal Protein Isolated from Feces of Infants Fed Various Diets 


The amino acid values are given as per cent amino acid N of total N. 


Diet 

Evap- | 

orated | Casein | CTH TH BHb | Gluten 

milk | 
Moisture content, %............... ciccz ch -FGSP FiL22t 7.SSP SESS) ‘Fae 
DO Ok a a Py Fen eee SER 0.15; 0.14) 0.19} 0.17; 0.17) 0.11 
Corrected N content, %...............5. 14.65) 14.72) 14.52, 14.43 14.59, 14.67 
Ratio, organic acid (10)* to amino Nf..... 0.65, 0.67) 0.69) 0.69) 0.69) 0.67 
Amino N (11).... nacecveseceeasl GOsO | GLO) Gece | Gace | oun eaee 
Threonine (12) sévstevecssccscss] OG) GP) 88) Gay Saye 
RIMMECR Ts 2 3.2.0 e Salah Pea en aoe 12.7 | 12.9 | 12.7 | 12.7 | 12.6 | 12.8 
Histidine (14) . fad Siete, 5.4] 5.6| 5.2| 5.2] 5.7] 5.7 
OT NET OTT re | 16.4 | 16.0 | 16.3 | 16.6 | 16.2 | 16.1 
eR kn ge pean ek he 1.3 | 1.2 | 1.3) 1.2] 1.4] 1.3 
Methionine (17). . ee ee Sa | 2.0 LS} 3:9 1.9 1.8 
Isoleucine (18).. it Be eee 4.6| 4.7| 4.6] 4.4] 4.3| 4.2 
Phenylalanine (19)... ..........-.-22000. 2.9 | $0] 34) Oe) -20) 
Me Sais ita dene riees gaan 2.1) 2.3) 2.0) 2.3) 2.2) 2.0 
IRIS CO) ts oss css ctciertin ive ie a 3.1} 3.2| 3.3) 3.4) 3.3] 3.4 





* The figures in parentheses represent bibliographic references. 
t This ratio was obtained by dividing the acid titer (expressed as ec. of 0.1 N 
HCl) by mg. of amino N of the sample. 


acids should dispel any further doubts regarding the dietary origin of the 
fecal protein. 


Comments 


In 1892 Voit (21) found that the excretion of substances from an iso- 
lated loop of the intestine of dogs produced a mass similar in constitution 
and nitrogen content to that produced in the normal intestine of the same 
animal through which meat and fat were passing. He therefore concluded 
that the feces are derived principally from the substances excreted through 











1196 METABOLIC FECAL PROTEIN NITROGEN 


the wall of the intestine and that the nitrogen so excreted is as much to} 
considered a product of protein metabolism as is the nitrogen of urea. lk 
expressed regret at that time that very little was known regarding th 
chemistry of these nitrogenous compounds excreted into the intestine. 

Subsequently Schneider (22) was able to show clearly that two disting 
fractions of metabolic nitrogen exist in the feces. One fraction is eq, 
stant for each animal but varies among different animals roughly in Dro. 
portion to size. This is the truly excretory component and would be repre. 
sented by the fecal material produced during fast. The other fractig, 
varies in proportion to the intake of dry matter. This component js, 
true digestive waste. In Mitchell’s opinion (23) the excretory fraction 
of the metabolic nitrogen is so small that on amounts of food permitting 
maintenance of weight or growth its effect on the ratio of total metaboli 
nitrogen to dry matter consumed is negligible. In a later publication 
Schneider (24) reported that ‘‘contrary to results on rats and pigs, th 
results on human subjects indicate that all of the metabolic nitrogen ¢ 
human feces is proportional to food intake.”’ This viewpoint is in contn. 
diction to the conclusions of Thomas (25) and Martin and Robison (26) 
who considered all of the metabolic nitrogen of human feces to be constant, 

Obviously, the existence and nature of the metabolic fecal nitrogen ares 
matter of considerable significance in the determination of the biological 
value of dietary proteins. It would appear from the observation reported 
here that in the infant one of the components of the metabolic fecal nitro. 
gen is a protein. The evidence presented indicates that the amount and 
amino acid composition of this excreted protein do not seem to be infu: 
enced by the quantity or quality of the diet. 

These findings strongly suggest that the protein which we have described 
is an endogenous excretory product which might be appropriately namel 


fecanin. Attention is called to the fact, however, that the occurrence ¢ | 
proteins in the stools of infants and adults has been previously reported by | 


other investigators who generally attributed the origin of these proteins 
exogenous sources, e.g. food residues, end-products of internal hemorrhage 
pathological exudates, and bacterial bodies (8, 27). However, since 
attempt was made to isolate or characterize the fecal proteins in these ple 
vious studies, the erroneous conclusions drawn regarding the origin of the 
proteins are easily understandable. Moreover, the presence of dietat 
protein residues in the isolated protein fraction could not be excluded be 
yond a doubt in the present study except by the substitution of protel 
hydrolysates for the protein moiety of the diet. It is obvious that whet 
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The isolation and proof of identity of the metabolic fecal protein in the 
adult could probably be achieved under conditions of starvation or arti- 
ficial alimentation. Apparently under conditions of prolonged fasting such 
as reported by Benedict (28) and Paton and Stockman (29) this excretion 
did not occur, or was so reduced in quantity as to escape measurement. 

It is clear from the foregoing that the nitrogen lost in the feces in the form 
of fecal protein constitutes a loss of anabolic N. Although this loss consti- 
tutes an average of only 11.9 per cent of the retained N, the high content 
of essential amino acids of this fraction greatly augments its significance. 
This is particularly true when poor quality or deficient diets are fed. 
Furthermore, since the formation of the proteins involves a considerable 
biosynthetic effort on the part of the organism, the loss must affect the 
nitrogen economy of the organism far more than the N content of the pro- 
tein would indicate. These considerations would seem to make a study 
of the factors concerned in the formation of the fecal protein and of its 
physiological functions worth while. 


SUMMARY 


In infants fed experimental diets it has been found that an average of 22.4 
per cent of the fecal N arises from the presence of a protein which failed to 
reflect in its amino acid composition and other properties the dietary 
changes imposed on the organism from which it was derived. It is believed 
that this protein constitutes a moiety of the excretory or metabolic fecal 
N and its implications on the calculations of the biological value of dietary 
proteins are discussed. 


We are gratefully indebted to Dr. Selma E. Snyderman for the medical 
care of the subjects. 
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The values given in the literature for the ammonia content of the brain 
show wide variation (1-3). Most of these values are of doubtful relia- 
bility, since the methods of estimation have not generally taken into ac- 
count the presence of labile acid amides such as glutamine, which are now 
known to occur in the brain and which easily liberate ammonia on treat- 
ment with alkalies under the conditions commonly used for the estimation 
of ammonia (4,5). Interest in the brain ammonia level centers around the 
fact that ammonia is a powerful cerebral irritant; the administration of 
ammonium salts causes convulsions and it has long been thought that 
ammonia may play a part in the precipitation of epileptic seizures (3-6). 
It would appear that the brain ammonia level is closely related to the 
glutamic acid-glutaminase system, which can remove ammonia by combi- 
nation with glutamic acid to form glutamine (7). The report that glutamic 
acid inhibits ammonium chloride convulsions (8) may be significant in this 
connection, since it is known to reduce the incidence of attacks of petit 
mal in epileptics (9). 

The present paper reports an attempt to obtain reliable values for the 
ammonia content of rat brain with a method by which the free ammonia 
can be distinguished from the labile acid amide ammonia. At the same 
time a study has been made of the effect on the brain ammonia level of 
convulsant drugs and other factors which might affect it. 


EXPERIMENTAL 


Ammonia Estimation—Ammonia was estimated by Conway’s method 
(10) of microdiffusion analysis. The acid used was 0.0004 xn HCl con- 
taining Tashiro’s indicator, prepared as described by him (11). The baryta 
solution (0.0015 N) was delivered from an Agla micrometer syringe (12), 
which was capable of delivering as little as 0.0001 ml. or considerably less 
than the error inherent in detecting the indicator change at these dilutions. 
The stock baryta solution was kept in a rubber-capped bottle of the type 
used for keeping sterile solutions for injection, which gave a convenient 
method of refilling the syringe without contamination by CO, in the air; 
the solution was restandardized each day. Preliminary tests with pure 
crystalline glutamine showed that the rate of liberation of ammonia by 
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hydrolysis was 0.001 mg. of ammonia per mg. of glutamine per hour jy 
contact with 50 per cent-saturated K,CO; at 20° under the experimental 
conditions of the Conway method. The glutamine in the brain filtrate was 
determined separately and a correction was calculated on this basis for the 
brain ammonia figures. The magnitude of the correction was kept low 
by using a diffusion time of 1 hour. Glutamine is relatively stable at 
neutral pH at 0°, but it was found to hydrolyze at an appreciable rate, 
0.00042 mg. of NH; per mg. of glutamine per hour being liberated at q 
room temperature of 18° in contact with 10 per cent trichloroacetic acid, 
which was used at approximately this strength in the brain filtrates; the 
error due to this cause was reduced to a negligible figure by carrying out the 
ammonia estimations without delay and keeping the solution at 0° with 
ice. An estimation on a standard solution of ammonium chloride was 
included in each series. 

Glutamine Estimation—Glutamine was estimated by the method of Harris 
(13), which depends on estimating the ammonia liberated on hydrolysis 
under standard conditions with 10 per cent trichloroacetic acid at 70° for 
75 minutes. Preliminary tests confirmed the observation of Harris that 
under these conditions a solution containing 50 mg. per cent of pure glu- 


tamine was hydrolyzed approximately 100 per cent; under the same con- | 


ditions asparagine was hydrolyzed 11 per cent, acetamide 69 per cent, and 
nicotinamide 4 per cent. There was no appreciable liberation of ammo- 
nia from D-arginine, guanidine, guanine, adenine, creatine, glutamic acid, or 
metrazol, but urea liberated 0.002 mg. of NH; per mg. under these condi- 
tions. Although crystalline glutamine has been isolated from horse brain 
(14), it was not known to what extent other labile acid amides might be 
present in the brain. To obtain further evidence on this point, measure- 
ments were made of the rates of hydrolysis of the labile acid amides of the 
brain filtrates and the figures were compared with the rates of hydrolysis 
of pure glutamine solutions under the same conditions. Four experiments 
in which a comparison was made of the amount of ammonia liberated from 
the brain filtrate and from an equivalent amount of pure glutamine o 
hydrolysis by 50 per cent-saturated K,CO; at 20° are summarized in Tablel. 

Hydrolysis curves for brain filtrates under acid conditions, carried outs 
described by Harris (13), also showed good agreement with the curves for 
pure glutamine, the specific reaction rate k being 7.7 < 10~‘ in each case. 
This gave evidence that the labile acid amide of the brain is mainly, i 
not wholly, glutamine, and the results are therefore expressed in terms 
this substance. 

Experimental Animals—In most of the work, young Wistar albino rats 
weighing 25 to 40 gm. were used. They were killed by being dropped into 
liquid air, which froze them solid in a few seconds and produced a rapid 
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fixation of the metabolites in the brain. The frozen brain was rapidly 
removed, crushed to a powder in a cooled steel crusher, and transferred to 
a previously weighed centrifuge tube containing 4 ml. of 12 per cent tri- 
chloroacetic acid at 0°. The mixture was centrifuged and the estimations 
were carried out on the supernatant solution. An allowance was made 
in the calculations for the water content of the brain, which was taken as 
80 per cent of the weight of the fresh tissue. 

In the experiments in which figures for the blood ammonia content were 
required, larger rats of 200 to 300 gm. were used and were killed by decapi- 
tation. The heads were dropped into liquid air and treated in the same 
way as for the young rats, while blood samples of 0.5 to 1 ml. were pipetted 
from the carotid artery. The method of killing by decapitation was not 
entirely satisfactory, for it was found that the stimulus of decapitation was 
sufficient in itself to cause a rise in the brain ammonia content; but this 


TABLE [ 


Comparison of Ammonia Liberated from Brain Filtrate and from Equivalent Amount 
of Pure Glutamine 





a | , . —s ime o a fro Ammoni 
Rat No. Brain ammonia | Brain glutamine Time of Ammoaia from monia from 





hydrolysis brain filtrate | pure glutamine 
mg. per cent mg. percent | hrs. mg. percent | mg. per cent 
1 0.59 | 89 2 0.16 | 0.18 
1 0.59 89 5 0.47 0.45 
2 0.54 91 2 0.18 0.18 
2 0.59 | 91 5 





0.45 0.46 
was the best way in which a blood sample large enough for the ammonia 
determination could be obtained at the time of fixation of the brain. The 
rise in the brain ammonia after decapitation continued for about 5 seconds, 
but by allowing exactly 1 second (timed with a stop-watch) from the mo- 
ment of decapitation to the commencement of freezing in liquid air, fairly 
consistent figures could be obtained. In this way changes in the braim 
ammonia content due to other factors could be demonstrated. Immersion: 
in liquid air must also act as a cerebral stimulus, for it takes several seconds: 
for the brain to freeze right through,! but there is evidence that freezing 


of the intact brain in liquid air is a less violent stimulus than decapitation 
(15, 16). 


Results 


The values obtained for the ammonia and glutamine content of the 
brain of normal rats are listed in Table II. The mean figure of 0.28 mg, 


‘Richter, D., and Dawson, R. M. C., Am. J. Physiol., in press. 
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per cent for the ammonia content was considerably lower than the valye 
2.2 mg. per cent of N previously reported by Biilow and Holmes (1) fo 
the mouse brain. The lower figure obtained in the present work may be 
attributed partly to the improved method of fixing in liquid air and partly 
to the correction for ammonia present as glutamine. The mean figure of 
79 mg. per cent of glutamine is close to the value of 64 mg. per cent fp. 
ported by Hamilton (5) for the dog brain. 

Emotional Excitement—The recent observation that the brain lactic geid 
content is increased in emotional excitement (17) suggested that there may 
also be a liberation of ammonia under these conditions. A series of nine 
rats was excited by removing their support and allowing them to drop 
from side to side in a glass beaker for 4 minutes. The method has been 


TABLE II 
Ammonia and Glutamine Content of Rat Brain 


The rats were killed by immersion in liquid air. 


Rat No. Weight Ammonia Glutamine 
gm. mg. per cent me. per cent 7 
] 1) 0.28 62 
2 25 0.02 73 
3 25 0.34 
4 30 0.14 
5 30 O.30 86 
6 35 0.42 81 
7 35 0.32 85 
S 40 0.25 SS 
g 30 0.37 
0 Ut i eee 32 0.28 79 





described more fully elsewhere.!. The results, which are listed in. Table II], 
showed a mean ammonia content of 0.22 mg. per cent, which was not sig- 
nificantly different from the normal. There was also no change in the 
glutamine content. 

Picrotoxin Convulsions—Rats killed after convulsions induced by inje- 
tion of picrotoxin gave a mean value of 0.47 mg. per cent of ammonis, 
which was 74 per cent above the normal. The difference was statistically 
significant (P < 0.05 when tested by Fisher’s ¢ test). There was no sig: 
nificant change in the glutamine level. 


Effect of Decapitation—Rats killed by decapitation gave a higher am | 
monia content than those killed by immersion in liquid air; this was true 


for young rats of 30 to 40 gm. as well as for adult rats of 200 to 300 gm 
(TableIV). Therise in the brain ammonia occurred in the first few seconds 
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TABLE III 


Effect of (a) Emotional Excitement and (b) Picrotoxin Convulsions on Ammonia and 
Glutamine Content of Rat Brain 


| 
| 


The rats weighed 35 to 40 gm. (a) The rats were excited for4 minutes. (b) Pic- 
rotoxin convulsions were produced by intraperitoneal injection of 0.25 ml. of a 
solution containing 3 mg. per ml. of picrotoxin in 10 per cent alcohol. All the 

rats were killed by immersion in liquid air. 





| Emotional excitement Picrotoxin convulsions 
Rat No. Ammonia Glutamine Rat No. aS Ammonia Glutamine 
: mg. per cent meg. per cent min. mg. per cent mg. per cent 
1 0.23 70 10 8 0.57 72 
9 0.26 75 11 10 0.44 93 
3 0.20 12 5 0.39 68 
4 0.14 13 5 0.46 65 
5 0.22 14 3 0.52 62 
6 0.22 15 3.5 0.60 SS 
7 78 16 3 ' 0.31 89 
82 
4) 0.27 92 
Mean 0.22 79 0.47 77 


TaBLe IV 
Effect of Decapitation on Ammonia Content of Blood and Brain in (a) Young 
Rats and (b) Adult Rats 
Freezing of the heads in liquid air commenced 1 second after decapitation. (a) 
The young rats weighed 30 to 40 gm. (b) The adult rats weighed 200 to 300 gm. 




















Young rats Adult rats 
Rat No. Brain ammonia | Blood ammonia Rat No. Brain ammonia | Blood ammonia 

mg. per cent mg. per cent | mg. per cent mg. per cent 

1 0.54 0.35 9 0.19 

2 0.23 10 0.19 

3 0.35 11 0.57 

4 0.50 0.19 12 0.58 

5 0.60 0.19 13 0.53 

6 0.53 14 0.46 

7 0.32 15 0.33 0.13 

8 0.29 16 0.33 

Mean...... 0.47 0.26 0.47 0.17 





after decapitation. Analyses carried out on a series of six rats examined 
from 4 to 30 seconds after decapitation gave figures ranging from 0.76 to 
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1.05 mg. per cent of ammonia with a mean of 0.93 mg. per cent, but by 
reducing the interval between decapitation and fixing in liquid air lowe 
values were obtained (Table V). With an interval of 1 second betvweey 
decapitation and freezing in liquid air a mean value of 0.47 mg. per cen, 
of ammonia was obtained and this was adopted as a standard proceduy 
in the experiments with adult rats, which were always killed by decapity. 
tion. 


TABLE V 
Ammonia Content of Rat Brain (a) after Anoxia in Vivo and (b) at Various Time 
after Decapitation 


In series (a) young rats of 30 to 40 gm. were rendered anoxie by keeping them fm _ 
: £ ping them for 


1 minute in nitrogen containing 5 per cent COz2; they were killed by decapitation an 


the heads were frozen after 1 second. The brain ammonia figures should be com. 
pared with the mean of 0.47 mg. per cent for normal, decapitated rats. In series 
(b) the heads of rats of 200 to 300 gm. were transferred to liquid air at varying 

times after decapitation. The heads were kept at 37°. 

Anoxia Change after decapitation 
mg. per cent mg. per cent e mg. per cent 

1 0.64 0.46 Strong convulsions 6 ; 0.29 

2 0.96 0.80 Slight tremors r l 0.33 

3 0.74 Brief convulsion 8 1} 0.62 

} 0.54 0.65 Preconvulsive 9 2 0.86 

5 1.18 0.16 Ks 10 3 0.7 

11 { 0.76 

12 i 1.05 

13 5 0.92 

14 0) 0.94 

15 15 0.92 

16 30 1.01 

Mean. 0.81 0.52 


Effect of Anoxia—Rats kept for 1 minute in a desiccator containing i: 
trogen with 5 per cent CO. showed a marked increase in the brain ammonii 
content (Table V); this was observed in animals which had convulsions 
and also in rats which had not had convulsions but were in the precot- 
vulsive state. It is known that anoxia causes an increase in the blood am: 
monia level (18) and this may account for a part of the ammonia foundin 
anoxia in the brain; but it is likely that the blood ammonia comes from 
the brain and other tissues rather than that the tissue ammonia comé 
from the blood. 
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Effect of Narcosis—Rats anesthetized for 30 minutes or longer with nem- 
butal showed a marked fall in the brain ammonia content, the mean level 
for young rats killed by immersion in liquid air being 0.06 mg. per cent of 
ammonia. The figures, which are listed in Table VI, give evidence that 
the brain ammonia depends on the duration of the narcosis, for two ani- 
mals anesthetized for shorter periods of 10 and 17 minutes showed no sig- 
nificant change from the normal. This may be the explanation of the 


TaBLe VI 
Effect of Nembutal Narcosis on Ammonia and Glutamine Content of Rat Brain 


The brain ammonia figures should be compared with the mean of 0.47 mg. per cent 
for normal, decapitated rats and 0.28 mg. per cent for normal rats killed by immersion 
in liquid air. 























Rat No. Weight of rat Method of killing | — ao. Pa 
ee | ale. =| sms Goveeas | cugemeneeee. 
1 | 200-300 Decapitation | 30 0.15 86 
2 | 200-300 | x | 30 0.26 | 84 
3 | 200-300 . 55 0.13 79 
4 200-300 | - | 65 0.23 | &3 
Ng Feo hoa Oo Sed Since Dee ae Re eee 0.19 83 
5 35-40 | Liquid air | 30 0.05 80 
6 35-40 os 45 | 0.06 
7 35-40 co | 70 0.15 
8 | 35-40 | "7 ¥ | 80 0.02 
9 | 35-40 | ni ss 90 0.01 
MEE Doh! 2k ya ee eal x a 0.06 
ee eee , _ = : — 
10 35-40 | Liquid air | 10 0.29 72 
95 


ll 340 | “ «& | 17 


0.23 





negative findings of Biilow and Holmes (1), who found that narcosis had 
no effect on the brain ammonia level. 

Effect of Electrical Stimulation—Electrical stimulation of the brain was 
carried out with stainless steel electrodes of 0.25 sq. cm. area, which were 
applied to the scalp 0.5 cm. posterior to the eyes. Contact was obtained 
by cutting the fur in this region with sharp scissors and applying electrode 
jelly. The current used was 50 cycles a.c. at 40 volts. Stimulation for 
1 to 3 seconds produced a satisfactory convulsion after the usual latent 
period of about 10 seconds. The procedure was similar to that used in 
the “electroshock” treatment of psychiatric patients. In the experiments 
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listed in Table VII the rats were sacrificed while undergoing strong ¢op. 
vulsions and the figures showed a brain ammonia content above the normal. 

Brain Ammonia in Preconvulsive State—The experiments on stimulation 
by anoxia showed a rise in the brain ammonia level in the preconvulsiye 
state, before the onset of convulsions, which suggested that the rise jp 
brain ammonia might be associated with the increased cerebral irritability 
rather than with the actual convulsions. The further experiments givey 
in Table VIII confirmed this impression, showing a clear rise in the brain 


TaBLe VII 
Ammonia Content of Rat Brain during Convulsions Induced (a) by Electric 
Stimulation and (b) by Injection of Ammonium Chloride 

The rats were killed by immersion in liquid air or decapitation on the first strong 
convulsion. The heads of decapitated rats were transferred to liquid air in 1 geeon¢ 
The ammonia content of controls killed by liquid air was 0.27 and killed by decapity 
tion 0.47 mg. per cent. Ammonium chloride convulsions were induced by intr. 
peritoneal injection of 1.2 ml. of 20 per cent NH,Cl. 


ee ee Rat Weight ‘ sy: | Duration Brair Brain Blood 
Convulsions No. of rat Method of killing of shock | ammor glutamine | ammonia 
wae me me. me 
gm. ec. per cent per cent | per ceri 
Electric shock | 35-40 | Liquid air 2 0.40 86 
2 | 35-40 nee lets 3 0.49 76 
=: 200-300, Decapitation 1 0.58 79 
Ze! 200-300 = 1 0.75 82 
| 5 | 200-300 es 3 0.78 1.42 
| 6 | 200-300 we 3 0.94 0.69 
Mean, decapitated rats only drxceceah O2t6 
Ammonium 1 200-300, Decapitation 8.0 70 8.3 
chloride by” 5S 200-300 se 9.5 93 9.8 
| 9 | 200-300 se 9.2 101 10.0 


ammonia level in animals sacrificed 1 second after electrical stimulation | 


and therefore several seconds before the onset of convulsions. Estims- 
tions of blood ammonia carried out on blood from the carotid arteries of mt 
killed by decapitation showed a rise in the blood ammonia during elect: 
cally induced convulsions; this was to be expected, since it is known thi 
ammonia is liberated in the muscles and enters the blood during sevet 


muscular activity (18). Determinations of blood ammonia on rats in th | 


preconvulsive state gave values which were generally in the normal range 
but in a few cases the figures were high; this might be due to the diffusi 
into the blood of ammonia liberated in the muscles through the tonic mis 
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cular spasm produced by the electrical stimulation. The wide disparity 
between the ammonia levels in the blood and the brain observed in these 
and in other experiments gave evidence that the brain ammonia was formed 
in the brain itself and could not be attributed as a rule to ammonia entering 
the brain from the blood. 

Since the brain ammonia content was raised in the preconvulsive state, 
it appeared of interest to find out how far the cerebral irritability in this 


TaBLeE VIII 
Ammonia Content of Rat Blood and Brain in Preconvulsive State after (a) Picro- 
toxin Administration and (b) Electrical Stimulation 


The rats were killed before the onset of convulsions. Other conditions as in Table 
VII; picrotoxin dose, 1 ml. of 3 per cent solution. 


Rat No. | Seeht | Method of kitting | Detstion | ee | ee. 
=> gm. S€¢ mg. per cent mg. per ceni 
Picrotoxin ] 200-300 | Decapitation 0.65 0.11 

2 200-300 e 0.49 0.42 
Electric shock 3 35-40 | Liquid air 1 0.40 
i 35-40 Me s l 0.73 
5) 35-40 ra ai ] 0.44 
6 35-40 "7 “ts ] Q.41 
Mean, rats killed by liquid air only............... 0.49 
Z 200-300 | Decapitation 2 0.71 0.38 
8 200-300 oe 3 0.83 0.13 
9 200-300 # 4 1.04 0.22 
10 200-300 e 3 1.10 0.93 
11 200-300 a 2 0.92 0.32 
12 200-300 “s 3 0.92 0.70 
13 200-300 | s 2 Les |. «Gere 
14 200-300 | 3 2 0.93 0.20 
ccctnnaee ET Le EPEC OEP eI eee es 0.94 0.38 





state could be attributed to the toxic action of the free ammonia. It was 
found that, when ammonium chloride was administered by intraperitoneal 
injection, convulsions occurred at the time when the brain ammonia level 
Was approximately 9 mg. per cent, or about 10 times the level in the pre- 
convulsive state (Table VII). The brain glutamine content appeared to 
be raised after ammonium chloride administration, but accurate figures 
could not be obtained in this series, owing to the large amount of free 
ammonia present. In contrast to the figures on ammonia, the brain glu- 
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tamine values showed little variation with the various experimental pro. 
cedures which were tried. 


DISCUSSION 


It was found that the ammonia content of the rat brain, analyzed afte 
rapid fixation by freezing in liquid air, was not constant but depended m 
the state of activity of the brain at the time of fixation. Values obtained 
on anesthetized animals were significantly lower than those for norm 
controls, while much higher values were obtained in animals taken during 
convulsions produced by convulsant drugs or by other methods of stimy. 
lation. The brain ammonia content during electrically induced convulsions 
was more than eight times that found in anesthetized animals. Unlegs j 
is believed that these changes occurred during the brief period of freezing 
with liquid air, it must be concluded that they represent changes q. 
curring in vivo. This view is supported by the work of Tashiro (11), who 
showed that free ammonia is liberated by the isolated frog nerve ani 
that the amount liberated is increased on stimulation. The observations 
on the frog nerve were confirmed by Winterstein and Hirshberg (19). 

The present work showed that the brain contains some source which 
can liberate up to about 1 mg. per cent of ammonia within 5 seconds upa 
stimulation. The source of this ammonia is not yet clear, but the brain 
glutamine content showed little variation, which made it unlikely that glu. 
tamine was the source. It might come from the deamination of nucle. 
tides; this has generally been regarded as a relatively slow process (20), 
but recent work has shown that the simultaneous dephosphorylation and 
deamination of adenosine diphosphate can proceed with considerable n- 
pidity in muscle preparations (21). It is noteworthy that the liberation 
of ammonia did not run parallel to the formation of lactic acid in the brain 
by glycolysis. The brain ammonia and lactic acid are both increased by 
convulsants and decreased by anesthetics, but there was no liberation 0 
ammonia corresponding to the rise in lactic acid in the brain in emotion 
excitement.! The rapid liberation of ammonia after decapitation camet 
an end in a few seconds, while the lactic acid formation by postmortem 
glycolysis continues for a much longer time. Again, the fall in the ammonis 
content of the brain in anesthesia appeared to follow some time after the 
decrease in the lactic acid level. 

The rise in the brain ammonia content in electrical convulsions was ni 
due to the convulsions themselves, for it could be shown that the liberatio 











of ammonia in the brain occurred in the preconvulsive stage of cerebr | 


irritability before the start of the convulsions. This raised the questidl 
of whether the convulsions could be attributed directly to the toxic actia 
of the ammonia. This suggestion was previously made for epileptic co 
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yulsions by Riebeling (3) and Brihl (22), who reported that the ammonia 
content of the cerebrospinal fluid was increased in epileptics after seizures. 
Richter, Dawson, and Rees’ were unable to confirm that observation but 
that did not disprove their hypothesis, for it is not likely that the cere- 
brospinal fluid would give an accurate reflection of the rapid changes oc- 
curring in the brain. The view that epileptic seizures may be attributable 
to the toxic action of ammonia is attractive, as it can explain a number of 
the experimentally observed facts; these include (a) the precipitation of 
seizures by anoxia, which has been shown to liberate ammonia in the brain, 
(b) the autocatalytic spread of the discharge, as ammonia liberated at one 
point stimulates the neighboring regions of the brain, and (c) the specific 
effect of glutamic acid in inhibiting certain types of seizures, in which the 
rate of detoxication of ammonia might be the limiting factor. 

Further experiments designed to test this hypothesis showed that the 
ammonia liberated in the rat brain on stimulation reached about a tenth 
of the concentration required to produce convulsions in a normal animal. 
The figure for the convulsant level was obtained by injecting ammonium 
chloride and determining the brain ammonia content after the convulsions 
had started. Under these conditions the ammonia would be fairly evenly 
distributed throughout the vascular bed and substance of the brain, while 
it might be expected that the ammonia liberated on stimulation would be 
formed mainly in the metabolically active regions, where local concentra- 
tions higher than the average for the whole brain would be found. The 
apparent discrepancy between the ammonia level after stimulation and the 
convulsant level may therefore be less in fact than these experiments would 
appear to indicate. The present investigation gives evidence that am- 
monia is liberated in the brain on stimulation and shows that the brain 
ammonia concentration can approach the toxic range; it suggests that in 
conditions such as epilepsy, in which the brain is abnormally irritable, the 
toxic action of ammonia may play a significant part. 


SUMMARY 


Values are reported for the ammonia and glutamine content of the rat 
brain. The normal ammonia content, determined by a method which 
avoided the error due to the decomposition of labile acid amides, was 0.28 
mg. per cent and the glutamine content was 79 mg. per cent. A study of 
the factors affecting the brain ammonia level showed that it was decreased 
by prolonged nembutal narcosis and markedly increased by direct stimu- 
lation of the brain or by procedures which increase cerebral irritability. 
The ammonia level was increased to 0.47 mg. per cent by picrotoxin ad- 


* Richter, D., Dawson, R. M. C., and Rees, L., J. Ment. Sc., in press. 
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ministration and 0.81 mg. per cent by anoxia. Electrical stimulation 
caused a rapid increase in the ammonia level in 1 to 2 seconds and it Was 
also raised by the stimulus of decapitation. The brain ammonia wag py 
affected by emotional excitement and the glutamine content was not gi. 
nificantly affected by any of the factors which were tested. Injection ¢ 
ammonium chloride in the rat caused convulsions when the brain ammoniy 
level had risen to 9 mg. per cent. The significance of these data in relatigy 
to the mechanism of epileptic seizures is discussed. 


The authors thank the Medical Research Council for a personal grant 
to one of us (R. M. C. D.) and for a grant for expenses; they thank th 
Rockefeller Foundation and the Royal Society for grants for equipment 
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BIOTIN AND FAT-SOLUBLE MATERIALS WITH BIOTIN 
ACTIVITY IN THE NUTRITION OF MOSQUITO LARVAE 
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Princeton, New Jersey) 
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Recent work has shown that certain microorganisms can under appro- 
priate conditions dispense with biotin if they are supplied with oleic 
acid or other related materials (1-5). Moreover, an oil from hydrolyzed 
plasma, as well as a partially purified fraction obtained from it, has been 
found to have biotin-like activity when injected into young chicks fed a 
diet high in egg white (2, 6). Oleic acid did not have such activity (6). 
It seemed of interest to investigate the relationship between biotin and 
fat-soluble biotin-active substances in the nutrition of an organism entirely 
different from either bacteria or vertebrates. The yellow fever mosquito 
Aedes aegypti was chosen for this purpose for several reasons. It is among 
the few insects concerning the nutritional requirements of which consider- 
able information is already available (7). It can easily be maintained in 
large numbers under laboratory conditions. Its larvae develop rapidly 
so that definite effects on growth can be discerned within a period of 1 or 
2weeks. The larvae are adapted to life in a liquid medium and can utilize 
both solid foods and nutrients in solution (8). Finally, Aedes aegypti 
larvae can readily be reared free from microorganisms (9). 

This last point cannot be too strongly emphasized. It has become in- 
creasingly apparent that some effects of diet may be produced only second- 
arily via an effect on the synthetic activities of the intestinal bacteria 
(10-13). Since in nature mosquito larvae feed on microorganisms, nothing 
whatever can be discovered about their nutritional requirements if living 
microorganisms are present. Even a slight contamination can permit 
development in a medium otherwise entirely unsuitable. Hence complete 
bacterial sterility has been a necessary condition of the experiments. It 
has at the same time added to the general significance of the results ob- 
tained, since in their interpretation there is no need to be concerned with 


the possible synthetic activities of a microflora either of the intestine or 
of the environment. 


Methods 
Colony of Aedes aegypti—This species of mosquito is so adaptable to 
laboratory conditions that the methods for rearing a stock colony can be 
1211 
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varied widely. For the present work the methods were those outlined jp, 
previous paper (14). The schedule of blood meals on a guinea pig yy 
timed in such a manner as to provide twice a week a large batch of emp 
known to be less than 24 hours old. These eggs were used to proyij 
bacteria-free larvae for the experiments. 

Sterilization of Eggs and Inoculation of Experimental Tubes—Thege gins 
were accomplished by the methods previously described (15). County 
numbers (usually three, but sometimes four) of the washed bacteria-y. 
larvae were inoculated into each of the experimental tubes. 

Culture Medium and Preparation of Experimental Tubes—Since studis 
with biotin were contemplated and since biotin is present in most natyy) 
foodstuffs, it was necessary to have an essentially synthetic nutrig: 
medium. Previous work had shown that Aedes aegypti requires for jt 
larval development thiamine, riboflavin, pantothenic acid, pyridoxiy 
glutathione, nicotinic acid, choline, and yeast nucleic acid, as well as othe 
unknown factors (7). One of the latter has been found to be folie agi 
(16), and a requirement for cholesterol has been demonstrated (17). () 
the basis of these facts it seemed highly probable that a synthetic medim 
recently developed for the related insect, the fruit fly Drosophila melaw 
gaster (18, 19), would also support the growth of Aedes aegypti. Such be 
been found to be the case. Dr. Schultz very kindly supplied me with; 
description (then not published) of the medium used by him and his@ 
workers for their studies on the nutrition of Drosophila. This medium hy 
been modified in the following two ways. Firstly, whole vitamin-iy 
casein has been used instead of casein hydrolysate plus tryptophan, sine 
the latter supported only very slow growth in a medium in which the form 
supported growth at a nearly normal rate. Secondly, pyridoxamy 
as well as pyridoxine and niacin as well as niacinamide were included intk 
medium. ‘The final biotin-free medium which was added to vitaminit 
casein (General Biochemicals, Inc.) had the composition shown in Tak 
I. This medium may be prepared by any of several methods. The foll 
ing has been routinely used for the present investigation. The cholesten 
was prepared as a separate suspension. 300 mg. of cholesterol were dt 
solved in 20 ml. of 95 per cent ethyl alcohol. This solution was addeli 
1 ml. amounts to tubes containing 9 ml. of distilled water, giving a unio 
white suspension. The tubes were autoclaved 20 minutes at 15 pounds 
sterilize them and to drive off the alcohol, leaving a volume of appt 





mately 8 to 9 ml. in each. They were stored in a refrigerator. Fort 
0.1 ml. of suspension was added aseptically to each tube which was} 
contain 6 ml. of final medium. Some indication was obtained that th 
cholesterol suspension began to lose its effectiveness after more that-) 
months of storage in the refrigerator. 
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The remainder of the medium was prepared at twice its final concentra- 
tion. The required amount of cystine was dissolved in a minimal volume 
of hot 6 N hydrochloric acid and was added to a suspension of the nucleic 
acid in a volume of water half that of the desired amount of double strength 
medium. 2N sodium hydroxide was added to dissolve the nucleic acid and 
bring the pH to 6.8 to 6.9. The sucrose was then dissolved. The salts 
and the growth factors were added from concentrated stock solutions kept 
under toluene in the refrigerator, except for the calcium chloride, niacin- 
amide, glutathione, choline, and inositol, which were added from freshly 
prepared more concentrated solutions. The pH was readjusted if necessary 
to 6.8, to 6.9, and the medium was diluted to the appropriate volume. It 


TaBLe I 
Composition of Synthetic Medium for Aedes aegypti Exclusive of Biotin and Casein 








Material ce Material | Congentre- 
mg. per ml. e. per ml. 

KH;PO, 0.60 | Pyridoxamine dihydrochloride 0.02 
K:HPO, 0.60 Pyridoxine hydrochloride | 4.0 
FeS0,-7H,0 0.012 | Riboflavin | 2.0 
MnSO,-4H.0 0.012 | Thiamine hydrochloride 2.0 
NaCl 0.012 | Niacin | 2.0 
Mg8O,:7H,0 0.20 | Calcium pantothenate | 6.0 
CaCl, 0.012 | Pteroylglutamie acid 0.6 
Ribose nucleic acid 4G | p-Aminobenzoiec acid 2.0 
L-Cystine 0.2 Niacinamide 10.0 
Cholesterol 0.03 | Glutathione 10.0 
i-Inositol 0.04 Choline chloride 20.0 
Sucrose 2.0 





was sterilized, in batches of 200 ml., by filtration through a Selas 03 porce- 
lain filter, since preliminary experiments had shown that growth on this 
medium sterilized by autoclaving was inferior to that on the same medium 
sterilized by filtration. The sterile medium was stored in a refrigerator 
and used usually within less than 1 week after preparation. 

It was found convenient to supply the casein in solid form (8) rather than 
in solution. In this way the larvae, which are bottom feeders, were pro- 
vided with some particulate food at the bottom of the tube. A small 
spatula which delivered 30 to 40 mg. of the dry powdered casein was used to 
measure this material into each tube of a group of 18 X 160 mm. test-tubes. 
The tubes were plugged with non-absorbent cotton and were sterilized by 
dry heat in an automatic electric oven at 160-170° for 2hours. This treat- 


ae slightly darkened the surface of the casein but did not otherwise af- 
ect it. 
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For any one experiment, all the tubes were prepared at the same tims 
and all received the same batch of double strength medium and of ¢hy 
lesterol. Duplicate tubes were usually prepared for each factor bei 
tested, although sometimes three or even five tubes of each were use 
Each experiment included control tubes to which no biotin was added, x 
well as tubes with various known concentrations of biotin. The biotiy 
was added from an autoclaved solution standardized by microbiologic 
assay and stored in the refrigerator. Water-soluble materials to be teste 
for biotin activity were similarly added from autoclaved stock solutions 
Materials insoluble in water, such as oleic acid and the biotin-active oil fro 
hydrolyzed horse plasma (hereafter designated FSF), were emulsified by 
means of ethyl alcohol. The emulsions were prepared as follows, 1 
0.95 ml. of warm 95 per cent alcohol in a sterile tube was added 0.05 ml, ¢ 
the oil, previously autoclaved. 9 ml. of sterile distilled water were the 
run in with shaking. A milky emulsion formed with some free oil droplets 
which floated to the surface and were avoided in making the subsequent 
dilutions. Usually 1 ml. of emulsion was diluted in 9 ml. of sterile wate, 
and the dilute uniform emulsion was added to the experimental tubes in 
amounts up tol ml. The maximal concentration of alcohol was hence only 
about 0.15 per cent, which was not found to have any effect on growth i 
the synthetic medium supplemented with biotin. The concentration 
of active material in the final dilute emulsions was determined by micro. 
biological assay. 

In the preparation of an experimental series, the appropriate quantity 
of sterile distilled water (enough to give a final volume of 6 ml.) was firs 
pipetted into each sterile tube containing casein. This was followed by: 





ml. of the double strength medium and 0.1 ml. of the cholesterol suspensio. | 


The biotin or other supplements were then added and the tubes wer 
inoculated with the washed first instar larvae. The usual precautions 
insure sterility were observed. The tubes were kept in an incubators 
28-29°, except for a brief period each day when they were removed fit 
examination. 


Microbiological Assays—Biotin and the biotin activity of lipide materia | 


were assayed with Lactobacillus casei with the method of Landy and Diektt 
(20) slightly modified (2). 

Sterility Tests—Since most of the media used were clear, nearly colores 
liquids, contamination could often be detected by the appearance & 
cloudiness. All tubes after about 7 days of incubation were submitted tos 


routine sterility test. This consisted of streaking a loopful of materi | 
from each tube onto a plate of dextrose nutrient agar. All tubes whit 


showed some new effect, or the results of which would be especially sig 
cant, were later submitted to additional sterility tests in nutrient prot. 


i 
(fro 
inst 
(c) 1 
gray 


the 
sho 
foll 
whe 
Thi 
tior 
whi 
cen 
and 
of t 


peri 





time 
cho. 
being 
Used. 
ad, a3 
oti 
gical 
rested 
tions, 
| from 
ed by 
Th 
ml, of 
> then 
oplets 
sqjuent 
Water, 
bes in 
e only 
wth in 
ration 
micre- 


lantity 
as first 
cd by 3 
ensidl 
s Welt 
jons tt 
ator si 
ved for 


aterial 
Dicket 


solorles 
ance tl 
ted toi 





materi | 


ag Whitt 
y signit: 
t brott 


W. TRAGER 1215 


veast extract agar, and cooked meat medium. Contaminations were de- 
tected in about | per cent of the tubes. As soon as an experimental tube 
showed evidence of being contaminated it was discarded and the results 
previously obtained with it were not used. 

Quantitative Expression of Developmental Rale—The larvae of Aedes 
aegypti undergo three molts between hatching from the egg and pupation. 
Hence there are four larval instars. These provide the basis for a simple 
method for following the rate of development. One needs only to examine 
each tube daily and to note the number of larvae in each instar. Although 














Fic. 1. Aedes aegypti larvae 7 days after their inoculation as first instar larvae into 
(from left to right) (a) the basal medium without added biotin (all in the second 
instar); (b) the basal medium plus 4.2 my of biotin per ml. (all in the third instar) ; 
(c) the basal medium plus 33.3 my of biotin per ml. (all in the fourth instar). Photo 
graph by J. A. Carlile. 


the larvae grow in body length between molts, their head and anal siphon 
show a discontinuous growth with a marked increase in size immediately 
following each molt. This fact makes it possible to recognize at a glance 
Whether a larva is in the first, second, third, or fourth instar (see Fig. 1). 
This method of following growth was used in the early work on the nutri- 
tion of mosquito larvae (15). At that time a growth index was deseribed 
which was obtained from the expression V X (1/7), in which N is the per- 
centage of larvae reaching the fourth instar within a chosen period of time 
and T is the average time in days required by them to do so. The choice 
of the time period does not materially affect the relative results. A longer 
period permits a larger percentage to reach the fourth instar in the less 
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nearly adequate media, but, since they take longer to do so, t] 


ie final result 
is but little changed. For the present work a time of 14 days was choser 


since in this period Very few or none of the larvae in the medium without 
added biotin reached the fourth instar, whereas in the presence of sufficient 
biotin all reached the fourth instar. Therefore all tubes were examined 
daily for the first 14 days in order to secure the data for the calculation of 
N X (1/T). They were then examined every other day for an additional 
14 days in order to follow the emergence of adults and to check on the 
possibility of an unusual delayed growth. 


TABLE II 
Effect of Addition of Different Concentrations of Biotin to Synthetic Medium on 
Growth and Development of Aedes aegypti 


No. of larvae from 


Concentra group of 6 Adults Average time 
tion of added reaching within 14 days vx 
biotin 
3rd instar 4th instar Female Male 3rd instar 4th instar \ 
my per ml. days 
0 5 Q 0 0 10.2 (0) 
6.7 6 6 | 2 9.2 10.3 20 9.7 
10.0 6 6 3 4.3 S.0 IS 12.5 
13.3 6 6 | l 3.3 a.2 14 12.2 
16.7 6 6 2 } 3.0 6.3 14 15.9 
33.3 6 5 2 3 3.5 6.4 14 13.0 
66.7 6 6 3 3 3.3 1.8 10 20.8 
166.7 5 5 3 +. 4 7.0 1] 11.9 


* In this and the following tables V X (1/7) is an expression of the over-all rate of 
larval development in which N is the percentage of larvae reaching the fourth instar 
within 14 days and 7 is the average time in days required by these larvae to reael 
the fourth instar. Under optimal conditions (15) all the larvae reach the fourth 


instar on the 4th day, so that the maximal value for V x (1/7) is 25. Unless other: 


wise stated, each value is based on the growth of six larvae, three each in two tubes 


Results 


Biolin and Pimelic Acid—In the synthetic medium in the absence 
added biotin few or none of the larvae attained the fourth instar within2 
weeks and none ever pupated. Biotin concentrations as low as 0.6m 
per ml. had a distinct effect on larval growth, and the value of V X (IT 
became progressively higher with increasing concentrations of biotin, untl 
it reached a maximum of 20 in the presence of 66.7 my per ml. (Tablesll 
and III; Fig. 1). The poorer growth obtained with a still higher concentt 
tion of biotin (166.7 my per ml., Table IL) suggests the possibility of & 
toxic effect of too much biotin, which has been previously reported for the 
flour beetle (21). Too few trials have been made at this high level t 
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permit a definite statement. While a biotin concentration of 50 my per 
ml. or somewhat more was required to give the optimal growth obtainable 
under the conditions of these experiments, in the presence of only about 20 
my per ml. most of the larvae metamorphosed into adult mosquitoes, and 


TaB_e III 


Replacement of Biotin in Larval Growth of Aedes aegypti by Oleic Acid, FSF, 
and Two Partially Purified Fractions from FSF, Tween 80 and Tween 40 








Concentration per ml. 





Supplement | oe N X hing 
Actual my _|AS mj biosn ati - 
None 0 0 0.8 
Biotin 0.6 0.6 2.5 
2.1 a1 1.9 
6.2 6.2 6.9 
21.0 21.0 14.3 
Oleic acid 2,400 0.02 3.6 
4,800 0.04 4.2 
aa 0.06 4.6 
FSF 3,500 0.007 4.0 
7,000 0.014 6.3 
10,500 0.021 6.4 
Cold aleohol-soluble fraction from 3,750 0.015 1.5 
FSF 5,000 0.02 3.5 
6, 250 0.025 3.3 
Ammoniacal eluate from aluminum 1,200 0.01 2.6 
oxide adsorption of FSF 1,800 0.015 8.5 
2,400 0.02 4.4 
| Tween 80 67 ,000 0.067 4.3 
134,000 0.134 4.7 
333 , 000 0.333 2.5 
“40 50,000 0.001 0 
100 ,000 0.002 0 
200 , 000 0.004 4.3 
400 , 000 0.008 | 6.1 





* The figures for no supplement, biotin, oleic acid, and FSF are each based on 
nine larvae, while those for the other supplements are each based on six larvae. 


even with as little as 5 to 6 my per ml. a few succeeded in reaching the 
adult stage. With lower concentrations of biotin the larvae failed to 
pupate. 

Table II shows the adequacy of the single number N X (1/7') as an index 
of larval development. A similar figure could be calculated for the third 
instar and the same relative values would be obtained in most instances. 
All larvae reached the second instar on the 2nd or 3rd day regardless of the 
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presence of added biotin or other supplements unless inhibitory substangg 
were present, in which case they might remain in the first instar for a week 
or longer before dying. It is also evident from Table II that the value ¢ 
N X (1/T) gives some indication of the extent of metamorphosis to the 
adult stage. In general, with N X (1/T) values of about 15 most of the 
larvae became adults in about 2 weeks. With N X (1/7) values aroun 
20, which is the highest yet observed in the synthetic medium and is clog 
to the maximal possible value of 25, all or most of the larvae became adult 
in10to12days. WhenWN X (1/7) was 10 or less, only a few or none of the 
larvae succeeded in reaching the adult stage within the observation perioj 
of 4 weeks. A longer period of observation would have been of little value 
for larvae which reached the fourth instar but failed to pupate within 4 
weeks usually began to show signs of weakness at about that time. 

Pimelic acid can apparently replace biotin in the nutrition of the flow 
beetle Tribolium confusum (22), serving presumably as a precursor of biotin 
(23-25). Since Tribolium is the only multicellular animal which has 
been reported as capable of converting pimelic acid to biotin, an attemp 
was made to discover whether Aedes aegypti could also do this. The results 
of several experiments have been negative. For example, the same exper 
ment in which the results with biotin are given in Table II included the 
testing of two different samples of pimelic acid, each at concentrationsd 
3.3, 6.7, 10.0, 13.3, 16.7, 33.3, 66.7, and 166.7 my per ml. N X (1/T) wa 
0, except in the highest concentration of one sample, for which it was li 
There was no significant acceleration of growth over that observed in th 
tubes without any supplement. It must be concluded that either Pr 
bolium has greater synthetic powers than Aedes, or its ability to utile 
pimelic acid depended on the synthetic activities of microorganisms pres 
in the intestine of the beetle or in the diet, since the experiments wit 
Tribolium were not carried on under aseptic conditions. 

Replacement of Biotin by Oleic Acid, FSF, and Related Substances—Bat 
oleic acid and the oil from hydrolyzed plasma (FSF), when added in plae 
of biotin, had a definite effect on larval growth (Table III). It ™ 
important to choose an appropriate range of concentrations. Grom 
stimulation failed to occur if the concentration was either too low or 
high. In the latter case, the materials probably exerted a toxic effect, i 
with the somewhat higher concentrations most of the larvae remained it 
the first instar and with still higher concentrations they were killed withia! 
day. The range of effectiveness of oleic acid was smaller than that a Ri 
and the maximal value of N X (1/7) obtained in all the experiments# 
which the two materials were compared was smaller for oleic acid than fo 
FSF. With FSF itself and some active fractions derived from it, valié 
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for N X (1/7) of up to 10 to 11 have been frequently obtained, but the 
highest ever observed for oleic acid was 6.8, and this in only one experi- 
ment. Both oleic acid and FSF, if measured in terms of their microbiologi- 
cal biotin activity, would seem to be much more active for mosquito larvae 
than biotin itself (see, for example, Table III). They are of course much 
less active if measured in terms of their actual concentration. 

Several partially purified fractions which were obtained from FSF (6) 
and which had biotin activity for Lactobacillus casei also had biotin activity 
for Aedes aegypti larvae. The data obtained with two such fractions are 
given in Table III. The results with the ammoniacal eluate are of special 
interest, since this material has also been found to have biotin-like activity 
when injected into chicks on an egg white diet and to have almost as high a 
specific activity for Lactobacillus casei as has oleic acid (6). 

A variety of synthetic detergents, chiefly non-ionic esters of fatty acids, 
has been found to function as growth factors for certain bacteria (26, 5) 
and to be capable, like oleic acid and FSF, of replacing biotin in the nutri- 
tion of lactic acid bacteria (4). Two of these materials, Tween 80 (a 
polyoxyethylene derivative of sorbitan monooleate) and Tween 40 (a 
similar monopalmitate), have been tested and found to have some activity 
for the growth of Aedes aegypti when added to a biotin-free medium (Table 
III). 

As might have been expected, lecithin can replace oleic acid for those 
bacteria for which the latter substance has a growth-promoting effect (5). 
It can similarly replace biotin in the growth of Aedes aegypti (Table IV). 
At concentrations higher than those shown in Table IV animal lecithin 
became progressively more and more inhibitory, although even at very 
high concentrations it did not kill the larvae, which lived for a week or 2 
in the first or second instar. Like oleic acid and FSF, lecithin, when used 
in place of biotin, had a much greater effect on the growth of A. aegypti 
larvae than would be expected from its biotin activity for Lactobacillus casei. 
Thus a concentration (15 y per ml.) with a biotin activity for L. casei of 
only 0.023 my per ml. gave as high a value for N X (1/7) as was usually 
obtained with biotin concentrations of 4 to 6 my per ml. This same fact is 
illustrated by the activity of lecithin when added as a supplement to a 
low concentration of biotin (Table IV). The addition of 5 y per ml. of 
lecithin, which theoretically increased the biotin activity for L. casei from 
only 4.2 to 4.208 my per ml., raised the N X (1/7') value from 7 to 15 and 
permitted the emergence of some adults. The higher concentrations of 
lecithin, when added to this low concentration of biotin, had less effect, 
which was the reverse of the situation with lecithin alone. Other experi- 
ments have similarly indicated the possibility of an optimal ratio between 
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biotin and lecithin but more work will have to be done to establish this 
It is interesting that lecithin was very early found to affect the growth g 
Drosophila under sterile conditions (27). 

In the many experimental tubes with different concentrations of gg 
acid and FSF, pupation has never occurred. Among the comparatiygy 
fewer tubes containing lecithin at a suitable concentration a viable Dupy 
has been noted in two different experiments. Both pupae died withoy 
completing transformation to the adult stage. Since complete tests ¢ 
the sterility of the tubes did not reveal any contamination, it seems likey 


TaBLe IV 
Effect of Lecithin in Absence of Biotin and in Presence of Low Concentration of 
Biotin on Growth of Aedes aegypti 





- 
a. | 
4 
= 
w 





Supplement Concentration NX + See _ Ss 
Female Male 
my per ml. | 
None 0 2.6 0 0 
Lecithin* 5,000 5.2 0 0 
15,000 | 9.0 0 Ot 
30,000 12.1 0 0 
Biotin 4.2 7.2 0 0 
Biotint + lecithin 5,000 15.0 3 0 
15,000 13.4 0 1 
30,000 8.3 2 1 








* The lecithin used had a biotin activity for Lactobacillus casei of 15 mye 
mg. or 0.0075 my per 5000 my. 

+ Each tube contained biotin at 4.2 my per ml. + the indicated concentratia 
of lecithin. 

t One larva pupated on the 26th day but failed to emerge as an adult. 


that lecithin or some impurity in it is a more suitable source of lipides 
replace biotin than either oleic acid or FSF. 


DISCUSSION 


Aedes aegypti is now the second insect, and also only the second mit 
cellular animal, to be reared from egg to adult in the absence of mit 
organisms and on a diet of essentially known composition, Drosophit 
melanogaster having been the first (18). For Aedes as for Drosophila, t 
synthetic medium is not quite adequate. More rapid growth and mi 
vigorous adults are regularly observed in sterile media containing ceri 
natural foodstuffs. The unknown factor for both Drosophila (18) ad 
Aedes (17) is present in the water-insoluble fraction of yeast, and that it 
Drosophila at least is also present in water-soluble form in yeast autolys® 
(28). 
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The growth of Aedes aegypti in the complete synthetic medium is never- 
theless sufficiently good to permit the evaluation of the réle of individual 
metabolites in the growth of this insect. It has been possible to show that 
biotin is essential for the development of A. aegypti, as it is for other insects 
(21, 29), and to determine quantitatively the requirements of this insect 
for biotin. For Triboliwm confusum the optimal concentration of biotin 
was found to be 100 my per gm. of diet, with as little as 6 my per gm. pro- 
ducing detectable effects (21). For A. aegypti the optimal concentration 
lies around 50 my per ml. of liquid medium, with detectable effects at con- 
centrations down to 0.6 my per ml. 

In the presence of casein, sucrose, nucleic acid, and all the known B 
vitamins, including biotin, Aedes aegypti does not require any fat-soluble 
growth factor other than cholesterol. In this respect it resembles Dro- 
sophila and several species of beetles (7) and differs from the moths of the 
genus E’phestia, which require linoleic acid even on a diet containing yeast 
(30). The growth-stimulating effects, in a medium essentially free from 
biotin, of oleic acid, FSF, lecithin, and related compounds on the larvae of 
A. aegypti may be taken to indicate that biotin functions in the synthesis 
of such fatty compounds. If suitable lipides are present in the diet, biotin 
may be largely dispensed with. Such an explanation has been suggested 
for the ability of some lactic acid bacteria to dispense with biotin in the 
presence of oleic acid (5) and has been discussed in relation to the biotin- 
like activity in chicks of the neutral oil from plasma (6). The best larval 
growth of A. aegypti which has been obtained with oleic acid in place of 
biotin has not been as good as that supported by the lowest concentration 
of biotin which sufficed for the metamorphosis of some of the larvae to the 
adult stage. However, with FSF and fractions derived from it, and with 
lecithin, at appropriate concentrations the rate of larval development has 
been about as great as the minimum which, in the presence of low concen- 
trations of biotin, was compatible with the occasional emergence of adults. 
And yet no metamorphosis occurred, with the exception of the two pupae 
observed in tubes containing lecithin. It may be merely that the lipides, 
because of their toxic effects, cannot be provided in the nutrient medium 
at a concentration high enough to carry the larvae through into meta- 
morphosis. Or it may be that biotin is essential also for the synthesis of 
some particular lipide or other type of compound which has not been pro- 
Vided in the experiments reported here and which is required for meta- 
morphosis but not for larval growth. 


SUMMARY 


The yellow fever mosquito Aedes aegypti has been grown from the egg 
to the adult stage in a medium free from microorganisms and of essentially 
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known composition. If biotin was omitted from the medium, lgny 
growth was very slow and metamorphosis to the adult stage did not ocey 
Optimal growth on the synthetic medium was slightly inferior to that o 
served in liver extract plus heat-killed yeast and was obtained in the preg 
ence of about 50 my of biotin per ml. of medium. With lower concenty, 
tions of biotin growth was progressively slower, and with less than about; 
my per ml. metamorphosis to the adult stage did not take place, although 
clearly recognizable effects on larval growth were produced by concent. 
tions as low as 0.6 my per ml. Biotin could not be replaced by pimelic geid 

Relatively low concentrations of oleic acid, an oil from hydrolyzj 
plasma (FSF), lecithin, and related compounds, when used in place ¢ 


biotin, supported larval growth as good as that obtained with the lowe 


effective concentrations of biotin. 
For the mosquito Aedes aegypti, as well as for some bacteria and fy 
chicks, certain lipide compounds can at least partially replace biotin, su 


gesting that biotin must be of general importance in the synthesis of they 


lipides. 


It is a pleasure to acknowledge the faithful and efficient technical assis 
ance of Miss Marion Orcutt and Mrs. Anne Baldino. 
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TISSUE PROTEINS AND CARCINOGENESIS 
|. THE EFFECT OF CARCINOGENIC AZO DYES ON LIVER PROTEINS 


By A. CLARK GRIFFIN, WILLIAM N. NYE, LAFAYETTE NODA, 
AnD J. MURRAY LUCK 


(From the Department of Chemistry, Stanford University, California) 
(Received for publication, August 11, 1948) 


Certain constituents of the liver undergo changes which accompany the 
feeding of the carcinogenic azo dyes. Hoch-Ligeti (1) noted that the ac- 
tivity of the enzyme, succinoxidase, is reduced in livers of rats fed p- 
dimethylaminoazobenzene. Liver tumors induced by this carcinogen have 
lower cytochrome oxidase and succinoxidase activities than normal liver (2). 
The azo dyes also lower liver riboflavin in proportion to the carcinogenic 
activity of the dye (3-5). Recently Miller and Miller (6) demonstrated a 
firm binding of azo dye to liver proteins before actual tumor formation. 
Other workers (7, 8) have observed that hepatomas induced by the azo 
dyes contain more desoxyribonucleic acid than normal tissues, while the 
ribonucleic acid remains normal or is slightly reduced. Of equal impor- 
tance are the observations of Price, Miller, and Miller (9) and Masayama 
and Yokoyama (10) that the precancerous livers of rats fed diets containing 
p-dimethylaminoazobenzene exhibit increased levels of desoxyribonucleic 
acid. Opie (11) found definite changes in the cytoplasmic ribonucleic 
acids of liver cells when tumors were produced by the feeding of p-dimethyl- 
aminoazobenzene. 

In the present study livers of rats were fractionated in order to isolate the 
desoxyribonucleoproteins, ribonucleoproteins, albumins, and_ globulins. 
Analyses were made for these components as well as for nitrogen, phos- 
phorus, and riboflavin in the various fractions obtained. The fractionation 
and analytical studies were carried out on normal rat liver, precancerous 
liver, and hepatomas resulting from the feeding of diets containing m’- 
methyl-p-dimethylaminoazobenzene; this is one of the most active car- 
cinogens of the azo dye group (12). 


Methods 


Male albino rats,! weighing approximately 200 to 250 gm., were fed 
diets containing 0.06 per cent m’-methyl-p-dimethylaminoazobenzene 
(m’'Me-DAB) ad libitum, for periods up to 10 weeks. The purified basal 
diet was similar to that used by the Wisconsin group (13), and contained 


, , 
Holtzman, Sprague-Dawley strain. 
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casein 18 per cent, glucose monohydrate 73 per cent, corn oil (Mago 
5 per cent, salts mixture? 4 per cent. To each kilo of the diet so preparei 
were added thiamine hydrochloride 3.0 mg., riboflavin 2.0 mg., caleiyy 
pantothenate 7.0 mg., pyridoxine hydrochloride 2.5 mg., and choline 9; 
gm. Each animal was given 2 to 3 drops of halibut liver oil by a droppe 
at 2 week intervals. 

The animals were anesthetized with ether and the livers perfused in siy 
with cold 0.14 m NaCl. The livers from five to six rats usually constitut 
one group for the fractionation and analytical procedures. The exis) 
livers were rapidly weighed and samples removed for moisture determin. 
tions. To the remaining liver were added 3.5 parts by weight of neutr 
0.4 m NaCl and the mixture was homogenized for 2 minutes in a Wari 
blendor. After 10 to 15 minutes of stirring, this homogenate was centr, 
fuged for 15 minutes at 4000 r.p.m. (International centrifuge No. 2, conig 


head). The supernatant fluid was removed and the residue again extract | 


with a volume of 0.4 m NaCl equal to that of the above supernatant fluid 
Following this extraction the remaining residue was stirred with 1,5 vo 
umes of 1.0m NaCl and centrifuged for 1 hour at 4000 R.P.M. as above. Th 
total homogenate, the first and second extracts with 0.4 m NaCl, the 1! 
mM NaCl extract, and the final residue were all analyzed for desoxyribom 
cleoproteins (DNP) and ribonucleoproteins (RNP) by the hot trichlow 
acetic acid method of Schneider (14), for nitrogen (15), phosphorus (16, 
and riboflavin (17,18). 

Albumin and globulin values were determined by analysis of the initid 
0.4 m NaCl extract. The extract was reduced to pH 5.0, allowed to stan 
for 1 hour, and was then centrifuged for 1 hour at 4000 r.p.m. The supe 
natant fluid containing the globulins and albumin was dialyzed ovemigi 
with running distilled water in a rocking dialyzer. The precipitated globe 
lin was centrifuged off and combined with the globulin fraction obtain 
by precipitation in 2.3 m ammonium sulfate at pH 7.0. The further adi 
tion of solid ammonium sulfate to 4.6 M and adjustment of the pH toli 
precipitated the albumin fraction. Analysis for the fractions designateds 
globulin and albumin was made by a modification of the biuret methald 
Robinson and Hogden (19) by using the linear relationship of optical det 
ity to concentration as obtained from crystalline bovine serum albums 
The entire fractionation procedure was carried out in a room maintailé 
at 1°. Special precautions were taken to maintain this temperature duns 
homogenization, centrifugation, ete. 


2 Salts mixture (parts by weight): NaCl 1470, Cas(PQOx)2 2086, MgS0.-7H:0 & 


KCl 1680, CaCOs 2940, FePO.-4H:0 206, KH2PO, 4340, MgCOs 672, MnS0cl# 
3.2, K2Al2(SO«)2, 12H2O 1.2, CuSO,-5H20 5.4, NaF 7.4, and KI 1.2. 
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Results 


Fractionation of Normal Rat Liver—The initial fractionations were car- 
ried out by successive extractions of homogenized rat liver with 0.14 m 
NaCl as described by Mirsky and Pollister (20). It was difficult, however, 
to remove more than 40 per cent of the total RNP with this concentration 
of NaCl. Various combinations of extractions were carried out to improve 
the method. Three successive extractions with 0.4 m, 0.28 m, and 0.14 
u NaCl removed 85 per cent of the total RNP and 8 per cent of the total 
DNP. It was noted, however, that most of the RNP appeared in the ini- 
tial 0.4m NaCl extract. When the extractions were carried out with NaCl 


TABLE I 
Liver Fractionation 
Mg. per 100 gm. of fresh liver.* 

















Liver fraction Nitrogen Phosphorus DNPt RNP? Riboflavin 
pS Ese ys cen ps cen ro cen | sy = co 
cent | otal | Se | gopat| ©"* | tora | oem? total total 

Total homogenate............. 2520 280 266 150 2466 
Ist extraction, 0.4m NaCl..... 1400, 56 | 1644 58 19, 7) 98 65 1007 41 
2nd ~ 0.4m NaCl..... 258, 10 27 | 10 8 3 18 | 12 182 7 
Extraction, 1.0 mM NaCl........ 250 10 39 14 176 66 15 10) 206 8 
RIES 6.564.600.0085 x05 602; 24| 52/18 61 | 23; 20)! 13! 1134 46 


| 





* The values expressed are the averages of six fractionations, five or more rats 
per group. Rats maintained on the basal purified diet 4 weeks. Liver moisture,. 


74 to 76 per cent. Average daily food intake, 18 gm. per rat; average liver weight, 
10.0 gm. 


t Desoxyribonucleoprotein as Samaria acid. 
t Ribonucleoprotein as ribose. 


solutions of a higher concentration than 0.4  (7.e., 0.5 to 0.6), slightly more 
RNP was removed but increasing amounts of the DNP were extracted. 
The viscosity of the homogenate increased at salt concentrations above 
0.4, and at 0.6 m the mixture was extremely viscous, indicating solvation 
ofthe DNP. From histological data it was apparent that the nuclei, which 
contain most of the DNP, remained relatively intact up to NaCl concen- 
trations of 0.4m. These observations, along with analytical data, prompted 
the use of 0.4 m NaCl for the initial extractions. The complete method has 
already been described. The values obtained for the different components 
in the various fractions are presented in Table I. 

The initial extraction with 0.4 m NaCl removed over 50 per cent of the 
total nitrogen and phosphorus, 41 per cent of the total riboflavin, 7 per cent 














1228 AZO DYES AND LIVER PROTEINS 


of the DNP, and 65 per cent of the RNP. All of the soluble globulin gy 
albumin appeared in this extract. Subsequent extraction with 10 y 
NaCl resulted in a fraction containing 66 per cent or more of the liver DX} 
14 per cent of the total phosphorus, and approximately 10 per cent of 
total RNP, riboflavin, and nitrogen. The final residue contained 23 pe 
cent of the DNP. This can be removed, if desired, by exhaustive extn 
tion with 1 M NaCl. Riboflavin also appeared to concentrate in thi 
fraction, presumably in combination with the sodium chloride-insolubk 
protein fraction. 
TaBLe II 
Effect of Carcinogenic Azo Dye on Liver Prot. 





Purified basal diet + 0.06 per cent m’-methyl-p-dimethylaminoazobenzene. 








Control I pert eh ete fed Sint 
Component basal seceding Hepa: 
diet —| ms 
2 wks. | 4 wks wks. | 8 wks. 
Nitrogen, mg. %....... Se cit aay rs ee ee 2520 2470 2470 2500 (2465 | 2 
PROSDNOTUSS IGS «5 iiiks Mares ced miata s ..| 280 | 316 | 316 | 308 | 3% | » 
Desoxyribonucleoprotein, as desoxyribo- 
nucleic acid, mg. % 266 396 140 190 | 506 | 7 
Ribonucleoprotein, as ribose, mg. % 150 | 122 146 140 | 126 | 1% 
Riboflavin, y % eae 2466 (1967 1740 1395 (1278 
Albumin, %..... Ee 1:3 MA 1.2 1.1) 
Globulin, %....... + Es}. 22] 2.0; 2.2) “aa 
Non-protein nitrogen, mg. % 180 | 181 213 | 205 | 230 
phosphorus, mg. %.. ’ 81 98 104 


108 | 108 


The values are expressed on a fresh liver basis and are averages of three or mor 
groups per period, four tosix rats per group. Cirrhosis was evident after 4 weeksan 
at 8 weeks most of the livers were extremely cirrhotic. Liver moisture, 75 to 78% 
cent. Food intake while on diet containing azo dye, 13.5 to 15 gm. per rat per dy 
Average liver weight, 9.7 gm. per rat (range 7.2 to 13.5). 

It is apparent that this procedure provides only crude fractions. Th 
methods employed to concentrate and purify certain of the componeli 
will be described later. 

Effect of Azo Dyes on Liver Components—The feeding of diets contain 
m'Me-DAB appeared to induce some pronounced changes in certal 
of the liver components (Table II). The total liver moisture remailtt 
relatively constant (75 to 78 per cent) over the 8 week feeding period,# 
did the total nitrogen. The non-protein nitrogen, however, increas 
somewhat as a result of feeding the azo dye. An increase was obsert 
in the total phosphorus of the liver which could be accounted for by th 
increase in the nucleic acid fractions. Of all the components determié 
the DNP exhibited the greatest change as a result of administration of 
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carcinogen. There was a progressive increase, and at 8 weeks this com- 
ponent was almost double that observed in the normal rat liver (266 versus 
306 mg. per cent). Cirrhosis and other liver damage progressed as the 
azo dye was fed, and there appeared to be some correlation between in- 
ereasing liver DNP and cirrhosis. The high liver DNP, after feeding of the 
carcinogenic diet for 8 weeks, actually approached that observed in hepa- 
tomas. It should be noted that the estimation of DNP and also of RNP 
depends on the colorimetric action of desoxyribose and ribose bound to 
purine bases after the nucleic acids have been liberated from the protein 
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Fic. 1. The protein phosphorus content plotted against the total nucleic acid 
content of various NaCl extracts of liver, indicating that increases in the amounts of 
nucleic acids are accompanied by an increased phosphorus content. ©, corresponds 
to the 0.4 M NaCl extract (mostly ribonucleic acid); ®, corresponds to 1.0 m NaCl 


extracts (mostly desoxyribonucleic acid). The lines are calculated by the method 
of least squares. 


by hot trichloroacetic acid (method of Schneider (14)). An increase in 
other components that react with the Dische reagent, for example, would 
result in apparent high values for DNP. It appears improbable that this 
Was responsible for the high values observed in the livers of rats fed the diet 
containing azo dye, since an actual increase in the quantity of the DNP 
fraction could be observed visually when this nucleoprotein complex was 
precipitated by reducing the NaCl concentration in the 1.0 m extract to 
approximately 0.14 m. Phosphorus data also support this conclusion. 
The total of nucleic acids as determined colorimetrically in the initial 
fraction obtained by extraction with 0.4 m NaCl has been plotted against 
the protein phosphorus content of this fraction for each of the twenty-two 
runs (Fig. 1). It may be observed that an increase in nucleic acids is cor- 
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related with an increase in protein phosphorus. Similarly, the phosphor 
content of the 1.0 m extract, which contains most of the DNP, was plotty 
against nucleic acid content. Here again it is evident, from the lineg 
least squares, that increases in nucleic acids are accompanied by an jp 
creased phosphorus content. This provided further evidence that the jp 
crease in the liver DNP accompanying the feeding of the azo dye ig py 
and not a result of other substances that may react with the Dische reagen, 

At present it is difficult to assign any significance to changes in the RY? 
content (Table II). There was an initial decrease in this component » 
companying the feeding of diets containing the azo dye. After feeding th 
dye for 4 to 6 weeks, however, there was some increase. ‘These observation 
appear to be in agreement with those of Opie (11), although his studs 
were on a cytological basis and involved the feeding of the less active cy. 
cinogen, p-dimethylaminoazobenzene. 

The riboflavin content decreased progressively in the liver; after 8 week 
of feeding the diet containing the m’Me-DAB, it was approximately i 
per cent of that observed in the livers of rats fed the dye-free basal dig 
(2466 versus 1278 y per cent). These findings are in agreement with thoy 
of other investigators (5, 9). Normal rat liver contains 1.3 per cer 
globulin and almost the same percentage of albumin. The albuminr 
mained at approximately this level throughout the period of azo dye feet: 
ing. An increase was noted, however, in the globulin fraction. Thi 
increase appeared within 2 weeks and the globulin content remained 
approximately 2 per cent throughout the precancerous period. 

In a corresponding study on the effect of azo dye carcinogenesis on serum 
proteins, it was observed that the serum y-globulin concentration increas 
with the feeding of the m’Me-DAB. Globulin and albumin were ni 
determined in the liver tumors because of the small amounts of suitable 
tissue available. 

In order to ascertain whether the increase in DNP was specific for th 
varcinogenic azo dyes or whether this was perhaps a response to 420 Col 
pounds in general, rats were fed diets that contained the relatively no 
carcinogenic compound, azobenzene, at a level of 0.05 per cent (Table lll 
In this series, the total liver nitrogen and phosphorus contents were soit 
what higher than were observed for the basal control diets (Table! 
Riboflavin, DNP, and RNP concentrations were essentially normal alt 
the diet containing the azobenzene was fed for either 2 or 4 weeks, inditi: 
ing that the increase in the DNP content noted in the animals fed the me 
DAB was associated with carcinogenesis and was not due to azo compouti 
in general. 


3 Cook, H., Griffin, A. C., and Luck, J. M., J. Biol. Chem., in press. 
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Purification of Liver Nucleoproteins—Extraction of liver with 0.4 m 
NaCl resulted in a fraction containing 65 per cent of the total liver RNP 
and approximately 7 per cent of the DNP. The 1.0 m extract contained 
66 per cent of the total DNP and 10 per cent of the RNP (Table I). Al- 
most all of the RNP present in the initial NaCl extract may be sedimented 
out by adjusting the pH to 5.0 and centrifuging. If this precipitate was 
stirred in water and the pH adjusted to 8.0, the RNP was dissolved. By 
repeating this process several times, it was possible to obtain a fraction con- 
taining over 50 per cent of the RNP originally present in the liver and 
from 2 to 5 per cent of the total DNP. This fraction was also free of the 
more soluble liver components; 7.e., albumins, globulins, non-protein nitro- 
gen, and phosphorus. By centrifuging the initial NaCl extract for 4 hours 


TABLE III 
Effect of Azobenzene on Liver Components 
Purified basal diet + 0.05 per cent azobenzene. 








Component 2 wks. | 4 wks. 

ET MRE i sv + dais 42 otha bad ma Amenions & 6 om sieae dW | 2900 | 2850 
er rT eee rere P 342 | 332 
Desoxyribonucleoprotein, as desoxyribonucleic acid, mg. %... .| 318 | 273 
Ribonucleoprotein, as ribose, mg. %...............0 0c cece ce eee 153 | 170 
ICDS 2, 505, bey Usihys cy vi. cape wails veh oR eel | 2330 | 2278 
PUPA THUPODOR 480! Foro c.6 5. tingeeurs file iat eaasiasteris eased 200 199 
> A, ee ee hae eae amare 100 102 





The values are on a fresh tissue basis, two groups per period, four to six rats per 
group. Livers appeared normal at the 2 and 4 week periods. 


at 100,000 X g in the ultracentrifuge at pH 7.0, an almost complete sedi- 
mentation of the RNP was effected. This high speed centrifugation prob- 
ably sedimented the formed elements of the cytoplasm that contain the 
RNP (21). Further work is in progress to determine whether ultracen- 
trifugation will aid in the purification of RNP fractions. 

Some preliminary steps were also taken toward further purification of the 
DNP from the 1.0 m NaCl extract. Mirsky and Pollister (20) precipitated 
the DNP from this fraction by adjusting the NaCl to 0.14 m, at which con- 
centration the protein appeared in a fibrous state. The fibers were then 
redissolved in 1.0 m NaCl. This procedure, repeated one or more times, 
resulted in a preparation of DNP relatively free of the RNP and other 
components. In the present investigation, purification by precipitation in 
0.14 mM NaCl resulted in a preparation containing approximately 50 per cent 
of the DNP and 6 per cent of the RNP originally present in the liver. 
This fraction also contained 4 to 8 per cent of the total liver nitrogen, 
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approximately 10 per cent of the phosphorus, and had a N:P ratio of 49 
All the preparations contained some riboflavin, although this constitute 
only 2 to 3 per cent of the total liver riboflavin in most cases. No studies 
were made to determine whether a flavoprotein constituted an integral pay 
of the DNP present or whether the riboflavin present was merely residual 
A DNP preparation containing relatively little RNP was prepared by 
precipitation of the fibers in 0.4 mM NaCl instead of in physiological saline 
Some DNP was lost by precipitation in 0.4 M NaCl because of the increasej 
solubility at this higher salt concentration. The resulting DNP, however 
contained less than 2 per cent of the total RNP and had a N:P ratio of 38 
In this range it becomes difficult to obtain an accurate analysis for the 
RNP in the presence of large quantities of DNP. 
It became evident that a better initial separation of the two nucleopr- 
tein types would facilitate the subsequent purification of these different 
fractions. It had been observed previously that low temperature storag 
of liver altered the extractability of certain of the proteins. A quantity 
of perfused rat liver was divided into three equal portions. One portion 
was fractionated immediately while the second and third portions wer 
stored at —15° for 2 and 4 weeks respectively. When the tissues stored 
at the low temperature were extracted with 0.4 m NaCl, more of each com 
ponent appeared in this fraction. Thus, over 80 per cent of the total nitro 
gen and phosphorus were extracted, as compared with approximately 4 
to 60 per cent of these components in fresh, non-frozen liver (see Table]. 
Approximately 90 per cent of the RNP was removed after the tissues had 
been subjected to the low temperature storage as compared to a 65 per cent 
extraction in non-frozen liver. Perhaps more striking was the removal d 
riboflavin after the cold treatment. Only 40 per cent or less of the total 
riboflavin was initially extracted in the non-frozen liver, whereas 90 pe 
cent could be extracted after the liver was frozen for the 2 or 4 week period. 
Variations as to time of storage, freezing temperature, and methods d 
freezing were carried out in order to determine whether low temperatur 
would actually improve extractability and the fractionation of the live 
proteins. It was found that freezing of the livers for only a few hours# 
—15° improved the extractability of most components. The same Wis 
noted if the liver was frozen in a dry ice-ether (or acetone) mixture for l0t 
15 minutes. Finally a fractionation was carried out wherein the freshly 
removed liver tissue was immersed in liquid air for 30 minutes. The tise 
was then homogenized and twice extracted with 0.4 m NaCl as deseribel 
under “Methods.” The remaining residue was extracted with 6 volumes 
1.0 m NaCl. All centrifugings were made in a Servall supercentrifuge fo 
approximately 20 minutes at 20,000 X g. The initial extract with 04 
mM NaCl contained 83 per cent of the total RNP and 4 per cent of the DN?, 
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while the 1.0 m NaCl extract contained 82 per cent of the DNP and 3 per 
cent or less of the RNP. From these fractions it should be possible to ob- 
tain relatively pure preparations of RNP, DNP, albumins, globulins, ete., 
by the methods previously described. 


DISCUSSION 


The increase in the liver DNP content appeared to be one of the most 
significant changes accompanying the administration of the carcinogen, 
m’Me-DAB. Other investigators (9) have also observed that a similar 
response, though less intense, could be obtained when the azo dye, p- 
dimethylaminoazobenzene, was fed. A relatively non-carcinogenic com- 
pound, azobenzene, had seemingly little effect on the liver DNP, suggesting 
that the above increase was only associated with the process of azo dye 
carcinogenesis. Hepatic tumors have a considerably higher DNP con- 
centration than normal liver tissue, and in the present investigation it was 
found that the feeding of the carcinogenic azo dye resulted in a progressive 
increase in the amount of this component to a level approaching that of 
actual tumor tissue. Generally, it has been observed that tumor tissues 
contain more DNP than the normal tissues of tumor origin; however, the 
concentration of nucleic acids varies considerably in different normal 
tissues (7). Stowell (22) also has observed a higher cell content of desoxy- 
ribonucleic acid in epidermoid carcinoma than in normal human epidermis. 

Histological studies were not made on the liver of rats fed the azo dyes. 
It would appear certain that cellular changes accompany the large increase 
in DNP in the liver cell nuclei. Schneider (23) observed a cytoplasmic 
nuclear ratio of 5.85 for normal rat liver and 3.04 for rat hepatomas, indi- 
cating that the tumor cells have large nuclei or a greater number of small 
cells with nuclei of approximately the same size as normal cells. Our own 
observations reveal only an over-all increase in the total liver DNP and 
provide no information as to whether it is a result of enlarged cell nuclei, 
of an increased number of small cells, or of an increase in DNP content per 
unit volume with no change in nuclear or cell size. There was a decrease 
in the amount of liver riboflavin with the feeding of azo dyes which is also 
in agreement with the findings of other investigators (3-5). This decrease 
in liver riboflavin appears to be roughly proportional to the increase that 
occurs in the DNP. Both components in the precancerous livers ap- 
proach the levels found in hepatomas, which may be of significance in the 
actual process of carcinogenesis. It is difficult to compare normal or even 
precancerous liver with liver tumors without a consideration of the type 
and uniformity of tissues involved. In the present study, more emphasis 
was placed on the precancerous liver changes, although it appears signifi- 
cant that certain components of the precancerous livers do approach the 
levels found in liver tumors. 
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SUMMARY 

1. The livers from normal rats and from those fed diets containing the 
carcinogenic azo dye, m’-methyl-p-dimethylaminoazobenzene, were frgp. 
tionated into several protein components on a basis of differential solubility 
in NaCl solutions. Quantitative analyses were made for nitrogen, phos. 
phorus, desoxyribonucleoproteins, ribonucleoproteins, riboflavin, albumin, 
globulin, and non-protein nitrogen and phosphorus in the appropriate frye. 
tions. 

2. Methods of purifying the ribo- and desoxyribonucleoproteins are de. 
scribed. Freezing of liver tissue before fractionation improved the e. 
tractability of most of the liver proteins. 

3. The amount of desoxyribonucleoproteins increased progressively and 
approached the hepatoma level as the diet containing this azo dye was fed, 
The normal level was 266 mg. per cent (as desoxyribonucleic acid); afte 
receiving azo dye for 8 weeks it was 506 mg. per cent; the level in liver ty. 
mors was 756 mg. per cent. The liver riboflavin content decreased as the 
azo dye was fed; the globulin content increased significantly, while concen 
trations of other components remained relatively normal. 

4. A relatively non-carcinogenic azo compound, azobenzene, had no 
appreciable effect on any of the components determined. 


We wish to acknowledge with thanks the receipt of grants-in-aid from 
the American Cancer Society and the United States Public Health Serviee. 
The assistance of Eleanore Frey and Carol Moore in conducting many 
the analyses incident to these studies is also gratefully acknowledged. The 
histological studies referred to were very kindly made by Dr. H. Kirkma 
of this University. 
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SERUM VASOCONSTRICTOR (SEROTONIN) 
Ill, CHEMICAL INACTIVATION* 


By MAURICE M. RAPPORT,} ARDA ALDEN GREEN, anv IRVINE H. PAGE 
(From the Research Division of the Cleveland Clinic Foundation, Cleveland) 


(Received for publication, July 17, 1948) 


The preparation of active concentrates of serum vasoconstrictor in a 
stable form (1) made possible the study of the active principle by means of 
inactivation measurements. ‘This work was begun with three purposes in 
mind: first, to acquire information on the sensitivity of the active principle 
to various reagents in order to reduce losses occurring during isolation; 
second, to learn some of its chemical characteristics before attempting fur- 
ther purification; third, and most important, to determine which chemical 
reagents are most suitable for abolishing the vasoconstrictor activity of 
serum. 


EXPERIMENTAL 


Effect of Reagents—Since the extent of inactivation is dependent on the 
rate of reaction, and therefore on temperature and concentration of reac- 
tants as well as time, these factors were controlled. Samples of purified 
serum vasoconstrictor were heated for 5 minute periods at 97° with equal 
volumes of the reagent at various concentrations, until one was found 
which gave 25 to 75 per cent inactivation. At this concentration, samples 
were heated for varying periods of time (e.g., 3, 6, 9, 12 minutes) at 97° un- 
til no increase in inactivation occurred with continued heating. Under 
these conditions of time and concentrations of reactants, the constrictor 
substance was treated with varying amounts of the reagent, and the 
extent of inactivation was determined. 

Experiments were set up as follows. To 0.2 ml. of a solution of purified 
serum vasoconstrictor containing 1 mg. per ml. (750 units per ml.)! was 
added 0.05 to 0.30 ml. of the reagent solution. These solutions were 
heated in a boiling water bath (95-97°) for a fixed time, cooled, and made 
up to 3.0 ml. with distilled water. Their constrictor activity in the rabbit 


*This study was supported in part by a grant from the United States Public 
Health Service, Cardiovascular Study Section. 

t Present address, Department of Medicine, Columbia University, College of Phy- 
sicians and Surgeons, New York. 

‘The unit has been defined (1) as the response given in the rabbit ear preparation 
by 0.2 ml. of a solution containing 1.2 y per ml. of a purified serum vasoconstrictor 
preparation. 
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ear preparation was then compared as described (1) with controls contain. 
ing no reagent. No loss of activity was observed in the controls. Re. 
agent controls were performed; it was found that, at the concentrations 
employed, most of them did not exert significant effects. 

With several reagents examined according to this scheme, the extent of 
inactivation was directly proportional to the quantity of reagent employed, 
while with others it was not (Table I). With still others, only qualitative 





| 


observations were made, either because the reagents could not be adapted | 


TaBLeE [ 
Inactivation Reagents Studied Quantitatively 
97°, 5 minutes, pH 4 to 6. 








Quantity to in. 








Reagent | Concentration activate 100 units 
| or purified 
vasoconstrictor 
moles per |. micromole 
ID CUNNING 5 cies ec ewccscsccaccocewave | 4xX 10° 0.006 
IN PMN Re 8 55S) cx 7 ashy a asda es oer 2 i OK 20-* 0.006 
Potassium permanganatet......................... | §&§xX 10° 0.005 
a) Eee Seca i iaiis aa aka ee eee de | bx. 10 0.02 
Pyridine perbromide hydrobromide................ | 5& X 10“ 0.04 
UNI ROSSUOUONIBIND 6 og oc cere ccc seseswd ences 5 X 10° 0.06 
i a a a a | 5 X 10“ 0.15 
I Ste, Res 2 SS oS cae eee cea eokes i “eo ~#.01 
| eer rr ME > a a ~0.02 
x 10 ~/.05 


TT PERS ah ne a | 5 





*3 minutes; 25°, 60 minutes. 
t 25°, 10 minutes. 
t Extent of inactivation not proportional to quantity of reagent. 


to the method described or because they did not appear to be sufficiently 
effective (Table II). 

The three most effective inactivating reagents have been tried on pur 
serotonin. Under closely similar conditions, within an experimental error 
of 20 per cent, the same quantity of iodine (or potassium persulfate) was 
required to inactivate 100 units of either the concentrate or pure serotonil. 
With potassium permanganate, twice as much reagent was required with 
the less pure material. 

Effect of pH—The inactivating effect of alkali was found to be much 
more rapid than that of acid (Table III). The results obtained with acid 
were variable until the experiments were performed under nitrogen. 

Because of the sensitivity of the serum vasoconstrictor to alkali, strongly 
alkaline reagents were not tried. Moreover, since the purified preparation 
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was soluble only in water, non-aqueous reagents were not employed. 
The pH values of all inactivation reactions were below 7, most of them 
being between pH 4.5 and 6.0. 

Reagents found to be ineffective as inactivating agents are listed in Table 
IV. 











TABLE II 
Inactivation Reagents Studied Qualitatively 
Reagent | Conditions for inactivation of >50% 

Potassium dichromate...........| 0.005 M, 37°, 3 hrs. 
Parimenioride. .........5.60055.6: 0.001 “* 97°, 10 min. 
Hydrogen peroxide.............. 30% solution, diluted 1:1000, 97°, 6 min. 
Hydroxylamine hydrochloride. . . | 0.001 m, 97°, 15 min. 
Sodium nitrite*................. 0.005 “ 25°, 3 hrs. 
ES re 0.01 ‘* 97°, 10 min. 
MAMMIOIIOTIOCT . wo. os as oe | 4%, 25° 
Chloroplatinic acid. ............| 10%, 25° 
Mercuric sulfatet............... | 10% in H2SQ,, 25° 
MDD § BANG KLE MV eomeneeas | 25°, 5 min. 
Amberlite IR-100-H§............ | yt 





* Reagent caused vasodilatation. 

t Inactivation performed on pure serotonin. 

{ The activity was precipitated. Recovery after removal of Hgt+ with H.S has 
not exceeded 20 per cent. 

§ These adsorbents are listed because both are effective in removing activity, none 
of which has ever been eluted under a wide variety of conditions. 


TABLE III 
Inactivating Effect of pH on Purified Serum Vasoconstrictor at 97°* 











pH Time Per cent inactivation 
aa _ wit: - : kts 
4.5-6.5 360 0 
1.5 360 0 
0.5 240 30-40 
7.5 30 20 
10.37 10 >90 





* Under nitrogen. 
t No inactivation in preceding 30 minutes at 25°. 
DISCUSSION 


Inactivation studies are difficult to appraise as evidence for the existence 
of chemical groupings. It is clear, as has been pointed out (2), that a posi- 
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tive result indicates change in the structure of the molecule, while lack r 
inactivation does not necessarily preclude such change. When impure 
preparations are employed, an additional difficulty arises; namely, inactivg. 
tion may be due to a product of the reaction between the reagent and ap 
impurity. Even more ambiguous is the reasoning that certain reagents 
react only with specific chemical groupings. Carrying out the inactivatign 
studies on a quantitative basis, and in such a way that minimal handling 
was required before bioassay, made it easier to evaluate the findings, 

It is believed, on the basis of the results so far obtained, that serotoniy 
has a sufficiently sensitive structure to permit most ‘‘classification” Te. 


TABLE IV 


Reagents Causing No Inactivation under Conditions Employed 


Reagent Conditions 
Ferrous sulfate...... os 0.005 m, 97°, 10 min. 
Silver nitrate... : 0.685'** 97°, 10 * 
RIMUveEIn - f) oho ei ass 0.005 ‘* 97°, 12 
Formaldehyde. ... 40% solution, diluted 1:1000, 97°, 12 min. 
Cupric sulfate. ...... es 0.001 m, 97°, 10 min. 
Cuprous oxidet ae 25° 
p-Chloromercuribenzoic acidf. .. 25° 
Diasomethane§................. 25° 
2,4-Dinitrophenylhydrazine..... Suspension, 37°, 90 min 


Amberlite IR-4B............6... 25°, 60 min. 





* Under these conditions, 30 per cent inactivation of a sample of pure serotonin 
was observed. The reagent has a weak constrictor effect. 

+ Precipitate formed. The supernatant retained full activity. 

t Kindly supplied by Dr. T. P. Singer, Western Reserve University. 

§ Performed in methanolic solution on pure serotonin. Nitrogen liberated; n0 
activity lost. 


agents to cause inactivation under relatively mild conditions. However, 
because of this sensitivity to such a variety of reagents at relatively high 
dilutions, it does not seem justifiable as a result of these studies alone to 
draw conclusions as to the presence of specific chemical groupings. 

Conditions may ultimately be found under which the reagents in Table 
I will cause relatively specific inactivation of serotonin. This requitt 
determination of the mildest conditions which are still effective. For et 
ample, it has been found that iodine is as effective at room temperature # 
at 97°, although the minimal time requirement, which is less than 1 hou 
must still be determined. 

The fact that iodine completely destroys the activity, and that the sam 
quantity of iodine destroys the same number of units of activity of both 
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pure serotonin and the concentrate only 0.75 per cent pure,? indicates that 
the total activity of the impure preparation is due, probably, to a single 
substance, namely serotonin. Additional evidence comes from the cor- 
relation of activity and color produced in the Ehrlich reaction® in the course 
of further purification. If the sensitivity of the serotonin molecule is con- 
sidered in conjunction with its relatively high (25 to 35 per cent) recovery 
from serum in the concentrate, the conclusion seems justified that the vaso- 
constrictor property of serum, at least as measured in the rabbit ear 
preparation, is almost entirely due to serotonin. 


The authors wish to acknowledge the valuable assistance of Mr. John 
M. Means and Miss Elizabeth Hunt in this investigation. 


SUMMARY 


In order to determine which reagents were most suitable for abolishing 
the vasoconstrictor activity of serum, the inactivation of a beef serum 
vasoconstrictor (serotonin) concentrate by chemical reagents was studied. 
Certain oxidizing and halogenating agents, especially potassium persulfate, 
potassium permanganate, and iodine, were found to be effective at high 
dilution. By comparing the quantity of iodine required for inactivation of 
the concentrate and pure serotonin, evidence was obtained favoring the 
view that serotonin is solely responsible for the vasoconstrictor activity of 
serum. 


BIBLIOGRAPHY 


1. Rapport, M. M., Green, A. A., and Page, I. H., J. Biol. Chem., 174, 735 (1948). 
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* The activity of pure serotonin is 100,000 units per mg. The concentrate contains 
750 units per mg. 
* Unpublished data (see Paper IV for the method). 
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SERUM VASOCONSTRICTOR (SEROTONIN) 
IV. ISOLATION AND CHARACTERIZATION* 


By MAURICE M. RAPPORT,¢ ARDA ALDEN GREEN, ano IRVINE H. PAGE 
(From the Research Division of the Cleveland Clinic Foundation, Cleveland) 


(Received for publication, July 17, 1948) 


In the first paper of this series (1) the partial purification of a vasocon- 
strictor substance from beef serum was reported. Further purification of 
the active substance led to its isolation. A preliminary report of the 
method together with analytical and pharmacological data has also been 
published (2). It is the purpose of this paper to present the details of the 
method of isolation, the more complete analyses now at hand, and some fur- 
ther characterizations of the substance. 

The problem of isolating this principle presented the difficulties usually 
encountered in vitamin research (3) in that the substance was present in the 
source material (beef serum) in a dry weight concentration of about 0.005 
percent. Initial obstacles were overcome with the preparation of a stable 
concentrate which was 0.8 per cent pure and contained 25 to 35 per cent of 
the activity originally present in the serum (the percentages are calculated 
from the activity of the pure substance). 

This concentrate was composed mainly of the ammonium salt of 5-nitro- 
barbituric acid (the precipitating agent). The active principle appeared 
to be involved in this concentrate in some kind of complex, since repeated 
recrystallization did not effect important changes in activity of the crystals 
so obtained. After many procedures which resulted in large losses of ac- 
tivity were tried, it was found possible to separate 90 per cent of the inac- 
tive materials from the concentrate with a loss of less than 5 per cent of the 
total activity by precipitating them with acetone from hot aqueous solu- 
tion. Concentration of the filtrate and recrystallization of the residue from 
methyl alcohol led to the isolation of a crystalline substance with vasocon- 
strictor action in the rabbit ear preparation approximately twice that of 
commercial epinephrine. 


EXPERIMENTAL 


Melting points were determined on the Kofler micro hot stage and are 
corrected. 


*This study was supported in part by a grant from the United States Public 
Health Service, Cardiovascular Study Section. 

t Present address, Department of Medicine, Columbia University, College of 
Physicians and Surgeons, New York. 
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Isolation—28 gm. of concentrate, prepared as described (1) from aboy 
210 liters of beef serum (450 liters of blood) and containing 750 unjy 
of activity per mg., were dissolved in 3.4 liters of boiling distilled Wate 
3.5 liters of reagent grade acetone were then added to the hot (80°) Soh. 
tion, resulting in the immediate formation of a copious, finely divided Dre 
cipitate. 

For convenience of operation, especially with regard to minimizing th 
time of heating and reducing the hazards attending the addition of th 
acetone to a solution whose temperature was above the boiling point ¢ 
acetone, this procedure was carried out in separate portions by employing 
one-seventh the quantities listed above, which were then combined, 

After chilling the mixture in the cold room overnight, the colorless px 
cipitate was filtered by suction and washed with 50 per cent aqueous are 
tone. This precipitate weighed 24.0 gm. and assayed at 25 units per m 
The filtrate was then evaporated below 50° at reduced pressure under nitn 
gen to a volume of 245 ml. The precipitated material resulting from this 
evaporation was dissolved by boiling the solution, the addition of 55 ml. ¢ 
water being required. 350 ml. of acetone were then added, the mixturewy 
left in the cold room 2 days, and then suction-filtered, giving 1.64 gm. ¢ 
buff-colored precipitate assaying at 200 units per mg. ‘The filtrate (con 
taining 18 million units) was then evaporated to dryness as before. Th 
residue was extracted with 50 ml. of 50 per cent aqueous methanol. This 
extract was evaporated to dryness, and the residue was extracted with I 
ml. of hot absolute methanol. On cooling, this extract deposited brownish 
yellow rosettes of prisms. The supernatant was decanted, and the crystal 
were washed with methanol and acetone by decantation. After drying 
the crystals weighed 143 mg., m.p. 196-201° (decomposition) ; assay 80,00) 
units per mg. 

The crystals were recrystallized by dissolving them in 10 ml. of wate 
and, at 60°, adding 35 ml. of acetone, giving, after washing and drying, If 
mg. of light buff-colored, thin rhomboid plates, m.p. 207—212° (decompo 
tion); assay 100,000 units per mg. By adding 50 ml. of acetone, a secon 
crop of 12.5 mg., m.p. 201-205° (decomposition), was obtained from th 
filtrate. 

The first crop material was again recrystallized from 6 ml. of water atl 
18 ml. of acetone to give 93 mg. of light buff platelets, m.p. 209-212? (d+ 
composition); assay 100,000 units per mg. By adding 75 ml. of acetonet 
the mother liquor, a second crop of 9.5 mg., m.p. 204-208° (decompositia) 
was obtained. 


1 The unit of activity has been defined (1) as the response given in the rabbit eit 
preparation by 0.2 ml. of a solution containing 1.2 y per ml. of a purified serum vat 
constrictor preparation. 
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The result described above represents the last “‘large scale’ isolation 
effort and is the best one. The procedure has been carried out twice on the 
scale described, and several other times with about one-tenth this quantity 
of concentrate. In each experiment, the pure active substance has shown 
the same physical and chemical properties. One of the two complications 
encountered in the less straightforward experiments was the presence of an 
impurity which had the same solubility characteristics in water, methanol, 
and acetone as the active substance and appeared to be inorganic, with a 
melting point near 290°. The other was the formation of diliturate com- 
plexes of variable composition (as revealed by ultraviolet absorption spec- 
tra) which were deposited by the methanol extract and could not be sub- 
stantially purified by several recrystallizations from methanol. 

Variations from the procedure described which were employed in the 
previous experiments may have contributed to their less satisfactory results. 
Lack of additional concentrate prevented clarification of this point. 

Melting Point—This is a decomposition point, slight effervescence occur- 
ring at and slightly above it. The discoloration of the sample is slight and 
the melt is clear. The sharpest decomposition point, obtained on the first 
analytical sample, was 212-214°. The same sample, after 3 weeks, melted 
at 206-209°. The melting points were taken by a uniform procedure. 
Heating was begun below 50°, carried to within about 20° of the melting 
point at 6-8° per minute, and at the decomposition point the rate of 
heating was 2-2.5° per minute. 
~ Elementary Analyses—Two samples, prepared from different batches of 
concentrate, were analyzed by two analytical laboratories. 


Cis4H230,N5S (405.4). Calculated. C 41.47,H5.72,N17.28,8 7.91, N-CH;3.71 
Sample I, m.p. 212-214°2 Found. “*'49:38)-** 6.08,** 16:07 
Sai, * 200-212°3 ee ** 41.75, ‘* 5.87, ‘* 17.63,8 8.03, N-CH; 2.99 


An analysis for ionic sulfate, performed according to the nephelometric 
procedure of Hoffman (4) on 0.50 and 0.75 mg. of Sample II, gave 21 and 
23 per cent sulfate. C,H»103;N5-H2SO, requires 23.7 per cent. The iso- 
lated material thus appears to be the sulfuric acid salt of an organic base.‘ 

Solubility—Serotonin is soluble in water to the extent of 100 mg. per ml. 
at 50° and about 20 mg. per ml. at 27°. The substance is also soluble in 
glacial acetic acid. The pure material is very sparingly soluble in metha- 


* Analyses by E. Thommen, Basel. 

* Analyses by A. Elek, Los Angeles. 

‘The name “‘serotonin’”’ which was proposed for the isolated substance (2) should 
properly be reserved for the free base. The isolated material would then be serotonin 
sulfate. Since only the sulfate is considered in this communication, serotonin, when 
used, refers to the sulfate. 
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nol and 95 per cent ethanol, and insoluble in absolute ethanol, acetone, pyr 
dine, chloroform, ethyl acetate, ether, and benzene. F 
Optical Activity—A solution of 10.4 mg. of serotonin in 1.98 ml. of wa 
showed no significant rotation at 31° in a 2 dm. tube. 
Ultraviolet Absorption Spectrum—The absorption spectrum of seroton: 
in aqueous solution at pH 3.5 has a maximum at 2750 A, a shoulder with, 





MOLAR EXTINCTION COEFFICIENT X io- 5 
> 











2400 2600 2600 3000 3200 
WAVE LENGTH IN & 


Fic. 1. Ultraviolet absorption spectra of serotonin (solid line) and tryptopha 
(dotted line) in water at pH 3.5. 


point of inflection at 2930 A, and a minimum at 2500 A (Fig. 1). It 
purposes of comparison, the absorption spectrum of tryptophan (Eastma 
Kodak) in water at pH 3.6 is also presented. With respect to the locatia 
of maxima and points of inflection, neither of the curves shows significatt 
change at pH 10.3. 

Potentiometric Titration—21.5 mg. of serotonin were dissolved in 50m 
of water and titrated with 0.0157 n carbonate-free sodium hydroxides 
26°. pH values were determined to the nearest 0.05 unit with a Beckm 
pH meter (glass electrode). Moles of acid or base combined per mole d 
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serotonin were calculated, assuming a molecular weight of 405 for seroto- 
nin. The experimental points are plotted in Fig. 2. The line is the theo- 
retical dissociation curve for pK’; of 4.9 and pK’, of 9.8. The titration was 
not carried beyond pH 9.7 because of the inaccuracy of the electrode in 
this range and in order to prevent possible inactivation of the serotonin. 
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Fic. 2. Dissociation curve of serotonin. The points are experimental, the curve 
theoretical, based on the constants pK’; = 4.9 and pK’, = 9.8. 


Under identical conditions, 13.3 mg. of tryptophan were titrated. From 
the curve obtained, pK’; of 2.4 and pK’, of 9.4 were estimated, in good 
agreement with the published values of 2.38 and 9.39 (5). 

? Color Reactions and Classification Tests—Serotonin gives positive Hop- 
kins-Cole, Ehrlich, Folin, and pine splinter tests. 

bs rs Shaw-MacFarlane modification (6) of the Hopkins-Cole test with 
; : vie : acid, 1 mole of serotonin gives a color equivalent to 0.89 mole of 
Nr - ne Visually, the color is violet-blue instead of the violet ob- 
- with tryptophan. Without the glyoxylic acid, a pink color is de- 
Veloped by serotonin under these conditions. 
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In a modification’ of the procedure of Graham et al. (7) for the Ehriich 
p-dimethylaminobenzaldehyde reaction, 1 mole of serotonin gives a eoly 
equivalent to 1.10 moles of tryptophan. The final color is very similar fy 
the two substances. 





In the Folin-Ciocalteu reaction (8), 1 mole of serotonin gives a coly 


equivalent to 2.4 moles of tryptophan. 

The Sakaguchi reaction (9), the Bratton-Marshall method for diazotig. 
able amines (10), the Gerngross-Voss-Herfeld reaction (11), and the Payly 
diazo reaction for imidazoles (12) were all negative. In the latter two reae. 
tions, yellow colors were obtained containing no trace of red. 

Qualitative ninhydrin, Molisch, and ferric chloride tests were negative 
Serotonin heated with ninhydrin-sodium acetate produced a chrome yelloy 
color. 


The pine splinter test served the purpose of a rapid semiquantitative | 


assay in the final stages of the isolation when carried out in the following 
way. 2 drops of concentrated hydrochloric acid were placed on a tongue 
depressor and spread with a glass slide. When the excess liquid had soaked 
into the wood, a trace of the sample to be tested was rubbed on the pr 
pared wood surface. Fractions having an activity of 35,000 units or mor 


er mg. gave a deep red color. The activity of fractioms which still gaye | 
B.S i g 


a detectable test was about 10,000 units per mg. (10 per cent pure). 

Serotonin reduces ammoniacal silver nitrate, but the reaction is not 4 
typical aldehyde response. In a test performed on 50 y of substance, 4 
brown color formed within 1 minute, giving way to a red-brown precipitate 
in several hours, in turn followed by a black precipitate with slight mirror 
formation in 24 hours, the supernatant solution remaining reddish in color. 
With silver nitrate at pH 5, a slight reddish color and a black precipitate 
were observed after about 12 hours. The reaction was probably the sam 
in both cases, occurring more rapidly under basic conditions. 

With 10 per cent mercuric sulfate in 2.5 n sulfuric acid, serotonin, ats 
concentration of 1 mg. per ml., immediately forms a yellow precipitate 
which is very insoluble in water. 

Despite the high percentage of nitrogen, it has not been possible to 0 
tain a stable crystalline picrate with serotonin. 

Solid serotonin catalyzes the decomposition of the iodine-azide complet 
in the Feigl test (13). In solution, however, at a concentration of | mg 


5 To 0.5 ml. of the test solution, 1 drop of 2.5 per cent dimethylaminobenzaldehytt 
in 10 per cent H2SOQ,, 1 drop of 2 per cent NaNOs, and 2.8 ml. of concentrated HC 
areadded. After standing at room temperature for 20 minutes, 7.0 ml. of 50 per cet! 
(by volume) ethanol are added. The color is read with a No. 54 filter in the Klett: 
Summerson colorimeter. 
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per ml., the test is negative. A positive result is reportedly attributable to 
thio ketones and mercaptans; but since all the sulfur in serotonin appears 
to be present in the form of sulfate, an impurity may be responsible for the 
observed result. 

Serotonin rapidly reacts with iodine in aqueous solution to give a water- 
insoluble compound. It does not give the typical tryptophan reaction with 
bromine in aqueous solution, although intensification of color has been ob- 
served in methanol solution. 


DISCUSSION 

The absorption spectrum and color reactions of serotonin are strongly 
indicative of the presence of an indole nucleus. This evidence, in com- 
bination with biogenetic considerations, suggests a structure which may 
be closely related to tryptophan or tryptamine. However, pronounced 
differences are apparent, and the calculated empirical formula focuses at- 
tention on two especially interesting aspects of structure; namely, the high 
nitrogen content and the high degree of saturation. 

It is reasonable to assume that both of the groups revealed in the dis- 
sociation curve are basic in nature, since a sulfate salt is under considera- 
tion whose 0.01 m solution is at pH 3.6. Further, the absence of marked 
acidic properties, as revealed by lack of inactivation by diazomethane and 
non-adsorption on Amberlite IR-4B (14), supports this assumption. If, 
then, the two groups are basic, the stronger (pK’, = 4.2) approximates the 
base strength of trimethylamine and is what might be expected for a {- 
aryl ethylamine such as tryptamine, while the weaker (pK’, = 9.1) has 
the basicity of aromatic amines such as aniline (pK’, = 9.4) or N,N’- 
disubstituted guanidines such as creatinine (pK’, = 9.2). A third nitro- 
gen can be accounted for in the indole nucleus. To speculate on the dis- 
position of the remaining two nitrogens, they may be associated with the 
more weakly basic grouping in a disubstituted guanidine structure, or one 
or both may be combined in some grouping even less basic such as an amide. 
The formation of complexes with the amide type structure of diliturie acid 
and the ease of formation of ammonia on treatment with aqueous alkali® 
are consistent with these alternatives. 

No primary amino groups are believed to be present in the molecule. 
The negative diazotizable amine test rules out aromatic primary amino 
groups, while the failure to form any red or violet coloration with ninhy- 
drin-sodium acetate would seem to do the same for aliphatic primary 
amines, 

The absence of quaternary nitrogen is indicated by the distillation, in a 


‘Unpublished experiments. 
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microsublimation apparatus, of a small sample of the free base, with gp 
parent retention of full activity.’ 
Nothing is yet known of the disposition of the oxygen functions, 


From the standpoint of chemical and pharmacological activity, th | 


marked reducing power of serotonin, as evidenced by the reduction of gol 
silver, and platinum salts, seems worth emphasizing. The results obtaing) 


by inactivation studies (14) would appear to be explained by this property 


in conjunction with the presence of the indole fragment. The reduction ¢ 
the Folin reagent by serotonin to the extent of 2.4 times the reduction by 
tryptophan, mole for mole, indicates the presence of a second reducing 
group in addition to the indole nucleus. Epinephrine, the second mo 
active constrictor substance in the perfused rabbit ear vessels, causes ; 
mole for mole reduction of 3.0 times the reduction by tryptophan. 

The similarity in chemical and biological activity of serotonin and ep 
nephrine is apparent. The further structural similarity (one contains the 
indole ring system, the other is closely related to it) suggests the posi 
bility that clarification of the structure of serotonin may reveal a mor 
general relation between chemical structure and vasoconstrictor actin 
than has been obtained by studying modifications of epinephrine struc. 
ture. 


We wish to acknowledge the valuable assistance of Miss Elizabeth Hur 
and Mr. John Means, and to thank Dr. Hans Hirschmann of Western Re 
serve University for cooperation in determining the optical activity. 


SUMMARY 


Details of the method of isolating crystalline beef serum vasoconstricte 
(serotonin) from a purified concentrate are presented. The color reaction 
and ultraviolet absorption spectrum indicate the presence of an indo 
nucleus in the structure. The structural implications of evidence based a 
color reactions and potentiometric titration are discussed. 


BIBLIOGRAPHY 


. Rapport, M. M., Green, A. A., and Page, I. H., J. Biol. Chem., 174, 735 (1948 

. Rapport, M. M., Green, A. A., and Page, I. H., Science, 108, 329 (1948). 

. Folkers, K., in Green, D. E., Currents in biochemical research, New York (1. 

. Hoffman, W. S., Photelometric clinical chemistry, New York, 244 (1941). 

. Schmidt, C. L. A., Appleman, W. K., and Kirk, P. L., J. Biol. Chem., 8,1 
(1929-30). 


ar OD 


a 





7 Unpublished experiment. The oily distillate obtained (at 140°, 0.15 mm.) W8 


dissolved in water. The retention of activity was judged by the correlation oft | 


activity and the ultraviolet absorption spectrum of the solution. 
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SEPARATION AND DETERMINATION OF THE AMYLOSE 
AND AMYLOPECTIN FRACTIONS OF STARCH 


By K. G. KRISHNASWAMY anp A. SREENIVASAN 


(From the Department of Chemical Technology, Bombay University, 
Bombay, India) 


(Received for publication, July 14, 1948) 


Most of the earlier procedures used for separating starch into amylose, 
the linear unbranched component, and amylopectin, the branched chain 
component (1, 2), have involved degradation and hydrolysis of the starch 
molecules. During the last few years, however, a number of methods have 
been proposed which fulfil, more or less, the necessary requirement of pro- 
tecting the starch constituents from degradation. The more important of 
these methods for the separation of amylose from starch is based on its 
selective diffusibility in water at 60° or 80° (1, 3), precipitability with bu- 
tanol (4), thymol (5), or nitroparaffins (6), and adsorbability on cellulose 
(7). It is shown in this communication that these methods fail to effect 
clear-cut as well as quantitative separation of the two starch fractions, 
while the purity of the products obtained is also variable. It has been 
possible, by suitable combination of certain of these procedures, to pre- 
parefamylose and amylopectin, judged for their purity by the intensity of 
their iodine colorations under standard conditions, and to determine their 
exact percentages in any starch preparation by reference to a calibrated 
curve for intensity of iodine coloration with known mixtures of the pure 
fractions (3). 


EXPERIMENTAL 


Preparation of Starch—The major part of the studies reported here was 
carried out with a sample of starch prepared from a local variety of peas 
(Pisum sativum). The seeds, softened by soaking overnight in water, were 
ground to a not too fine consistency and the mash was extruded through a 
| cloth bag into a sufficient volume of distilled water. The residual pulp 
was mashed and pressed out a second time. The combined extract was 
let stand and the sludge which separated was purified of proteinaceous 
material by repeated agitation and settling. The starch suspension was 
‘nally kneaded through muslin into water and centrifuged to separate the 
starch, which was washed successively with 20 and 80 per cent ethanol and 
allowed to dry at room temperature (28°). Analysis of the product gave 
0.88 per cent protein, 0.25 per cent ether extractive, and 12.75 per cent 
moisture. 
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Determination of Iodine Coloration—The intensity of color developed j 
a 2 mg. per cent solution of starch or of the various starch fractions, 
addition of a solution of iodine in potassium iodide to a final concentrati, 
of 4 mg. per cent of iodine, was measured in a 10 mm. cell by a Ky 
Summerson photoelectric colorimeter with Filter Kg in position (3), Th 
colorimeter was initially adjusted so that the blank, which had a light yelly 
color due to the iodine in solution, gave a zero reading; the color meagy, 
ments recorded are in terms of scale readings in the instrument. 

Fractionation of Starch by Selective Extraction of Amylose with Hot Waip 
—5 gm. of air-dry starch, mixed with water to avoid lump formation, Wer 
treated with about 300 ml. of water at 60° and the suspension maintains! 
at this temperature for 4 hours with slow stirring. It was then centrifuge 
at 3000 r.p.m. and the supernatant passed through a sintered glass No, 


TABLE I 
Extraction of Starch with Water at 60° 











< Intensity of iodine color (sca 
On dry basis readings)* 4s: 
Yield1 | Vield2 | Yield3 | Yield1 | Yield2 | Yieds 
per cent per ceni per cent 
Onemal etareh.........5..0... | 143 149 148 
Fraction I......... LAr 14.4 14.7 | 18-8 279 271 269 
- . Le EA: 0.9 0.6 Trace 181 180 


6 ABs... Leese] 84.5 | 85.8 | 83.5 | 101 |- 108 | 





* Klett-Summerson colorimeter. 


filter, which was found more convenient to use than filter paper coated wit 
Hyflo Super-Cel, as recommended in the original procedure (3). The clew 
filtrate, after addition of methanol to a concentration of 20 per cent volum 
per volume, was let stand for 48 hours. At the end of this period, the pr 
cipitated amylose (Fraction I) was filtered through a sintered glass No. 
crucible, washed with 95 per cent ethanol, and finally with absolute aleoh# 
before drying in a vacuum oven. The filtrate was further treated wil 
methanol to 50 per cent volume per volume strength and allowed to sete 
as before. The precipitate (Fraction IT) was filtered, washed, and dried 
constant weight. 

The gelatinous residue remaining after the centrifuging of the aque 
starch suspension was ground well, dehydrated by repeated additions 
alcohol, filtered, and dried in vacuo (Fraction III). Table I gives a sé 
typical results obtained together with the iodine colorations of the stat 
and of the different fractions. 

In the set of experiments given in Table II, the temperature of fractiol 
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tion was kept at 80°, as recommended by Meyer (1); the procedure was 
otherwise the same as that described above. 

Fractionations of pea starch and of the crude amylopectin (Fraction IIL, 
Table I) were also attempted by treatment for 48 hours at room tempera- 
ture with 1:2 chloral hydrate solution in water, as recommended by Meyer. 
The products obtained gave iodine coloration averaging 74 and 67 re- 
spectively; by using chloral hydrate solution at 80°, the corresponding color 
readings were 54 and 56. 


TaBLeE II 
Fractionation of Starch with Water at 80° 


—_—_$_———— 





Intensity of iodine color* 








Yield 1 Yield 2 —__ . 
Yield 1 } Yield 2 

= ie per cent per cent 
eI eo oe tT lvae costae 16.0 16.3 220 224 

6 | | Remeron perkins © = Trace Trace 

" BEE es ses. cas ace DOAN Ag ox 82.9 79.6 114 104 

* See Table I. 

TaBLe III 


Fractionation by Butanol Extraction 


Iodine coloration* 


Fraction Yield 1 Yield 2 
Yield 1 Yield 2 
per cent per cent 
Butanol-pptd. by autoclaving. ......... 38.6 39.2 243 241 
" Waring blendor....... 39.5 39.4 234 230 
Butanol-non-pptd. by autoclaving...... 60.7 59.9 52 49) 


Waring blendor.. 59.4 





60.7 47 50 


Fractionation by Selective Precipitation of Amylose with Butanol— 
Schoch’s butanol precipitation method (4) was closely followed, except for 
the purification of the separated amylose by recrystallization from the 
boiling water-butanol mixture. Since it was thought that some hydrolytic 
degradation of starch was likely to occur as a result of the high temperature 
treatment under pressure, an attempt was made to eliminate autoclaving 
in Schoch’s procedure by securing dispersion of starch with high speed stir- 
ring. A properly gelatinized paste of 5 gm. of starch in about 500 ml. of 
boiling water was treated in a Waring blendor in two lots for 5 minutes each. 
Subsequent separation of the starch fractions was effected as described by 
Schoch. Typical results, by both procedures, are given in Table ITI. 
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Fractional Precipitation of Amylose with Thymol—The high speed Stirring 
recommended by Haworth et al. (5) did not result in sufficient dispersion 


and it was found more effective to use a Waring blendor for aiding dig | 


persion. The results obtained by this method are shown in Table IV, 
Fractionation by Preferential Adsorption of Amylose on Cotton—With , 
1 per cent starch paste, gelatinized and dispersed in a Waring blendo 
according to the procedure of Pacsu and Mullen (7), not more than 0.3 pe 
cent of amylose (iodine coloration, average 223) was obtainable, therefor 
suggesting that preferential adsorption of amylose on the cotton used wa 
far from satisfactory; somewhat similar results were obtained by using 
filter paper pulp as an adsorbent. 


TABLE IV 
Fractionation by Thymol Extraction 











Iodine coloration*® 
Fraction | Yield 1 Yield 2 Mies. } ae 
| Yield1 | Yield2 | Yields 
per cent per cent per cent 
Thymol-pptd..................| 39.7 39.9 40.7 222 220 208 
Thymol-non-pptd......... ..| 60.1 60.2 59.1 50 52 45 














* See Table I. 


DISCUSSION OF RESULTS 


The pronounced difference in the affinity of amylose and amylopectia 
for iodine has formed the basis for the determination of their relative pre 
portions in starches potentiometrically (8), absorptiometrically (3), « 
spectrophotometrically (9, 10). On the assumption that the intensity d 
iodine coloration with amylose or amylopectin fractions will be determined 
by their respective freedom from each other, it becomes apparent that the 
higher the scale reading, the purer will be the fraction in respect to its amy- 
lose content, and that, conversely, purity with regard to amylopectin wil 
be connoted by the lowest scale reading. Based on this criterion, it woull 


follow from the data presented here (Tables I to IV) that no single methode: | 
fects simultaneously efficient and quantitative separation of the two start | 


fractions. The procedure of McCready and Hassid (Table I) gives, in ot 
step, the purest amylose fraction, judging from its iodine-staining property; 
its solubility is, however, only of the order of 15 per cent, which is vey 
low. That the amylopectin fraction obtained here is admixed witha hig 
amount of amylose is evident from the values for iodine coloration as colt 


pared to the amylopectin fraction obtained by the procedures of Sehot | 


(Table IIT) and of Haworth et al. (Table IV). The amylose fraction yieldel 
by Meyer’s extraction procedure (Table II) is only about 80 per cent # 
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pure as the corresponding fraction obtained according to the method of 


McCready and 


Hassid; this is no doubt due to the fractionation tempera- 


ture being near the gelatinization point of the starch and consequent%con- 
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intensity (photocolorimeter scale reading) 
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f Amylose 
100 80 60 40 20 0 


% Amylopectin 


Fig. 1. Color intensities of mixtures of amylose and amylopectin from pea starch 


With iodine. 


granules. The 


aI tamination with amylopectin by the disintegration and rupture of the 


use of chloral hydrate solution to purify amylopectin from 


admixed amylose resulted in a product still containing about 6 to 10 per 


cent of amylose. 
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Both butanol and thymol undoubtedly effect very much better fraction, 
tion of the starch components than does extraction with hot Water, an 
indeed, the yields of amylose and amylopectin correspond more nearly to the 
correct values deduced below than do those obtained by hot water extry, 
tion. However, it is clear from a comparison of the iodine coloration ¢ 
amylose fractions (Tables III and IV) that they are respectively only aboy 
85 and 77 per cent as pure as that obtained by the McCready and Hasg 
method. It has been possible to obtain pure amylose by successive p 
crystallizations from boiling water-butanol mixtures as recommended ly 
Schoch (4, 11), but, the yields being no longer quantitative, it appeare! 
preferable to do so in a single extraction with hot water at 60°. 

Although the amylopectin fractions obtained by selective precipitatiq 
with butanol or thymol have given the lowest intensity of iodine coloratig 


TABLE V 
Fractionation of Mung Starch 


Starch analysis 


PP eck ee 13.50 
POU, Yee c cc cen eee ss Ey MI Ce NE PE 0.69 
Ether extractives, %..... eo Re cere 0.23 
POGING COLOPARION Of BtATCH .c65565 5 56650 os oda a des 127 
ss "s ‘amylose fraction™............ 287 
= 2 ‘* amylopectin fraction*........ 34 
PRY a ME ME OEY Rg 0.6 fos SS oa ak idle Je eh Sm Raga ons 36.8 
) 


Amylopectin (from Fig. 2), %...... ae re oes - 63. ! 








* Scale readings, Klett-Summerson colorimeter. 


of all the methods studied, it was felt that, since it is always the residueit 
the mother liquor after the amylose had been precipitated, amylopecti 
may not be easily obtainable in as pure a form as the amylose component 
We therefore attempted to ascertain whether by butanol fractionation @ 
the residue from the hot water treatment of starch at 60° (Fraction Ill 
Table I) a purer preparation of amylopectin could be obtained than 
Schoch’s method from the original starch. By this procedure, a produc 
was secured which gave an iodine coloration of only 43 or 44 units. Thi 
was the purest amylopectin obtainable; a product with similar purity cowl 
also be prepared by thymol fractionation of crude amylopectin. 

Pure preparations of amylose and amylopectin can thus be obtainedit 
one and two operations, respectively, by a combination of the features d 
McCready and Hassid’s method for amylose and that of Schoch or 
Haworth et al. for amylopectin. By using various proportions of the start 
components prepared as above, the color intensities of the mixtures) 
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solution (2 mg. per 100 ml.) with iodine can be plotted against per cent 
concentration of the two fractions when a linear relationship similar to that 
reported by McCr eady and Hassid (3) is obtained (Fig. 1), and from which, 
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Fic. 2. Color intensities of mixtures of amylose and amylopectin from mung 
starch with iodine. 


after ascertaining the color intensity of the original starch with iodine under 
identical conditions, its proportions of the two constituents can be read; 
the latter can also be deduced by simple extrapolation, as there is strict 








1260 AMYLOSE AND AMYLOPECTIN STARCH FRACTIONS 


proportionality between color intensity with iodine and amylose or amy) 
pectin content. In this way, the preparation of pure starch used in thes 
studies, with its iodine coloration of 147 (Table I), can be observed to eq, 
sist of 45.0 per cent amylose and 55.0 per cent amylopectin. 

By the foregoing procedures for the preparation of pure amylose pj 
amylopectin fractions, and by using a preparation of mung (Phaseoly 
radiatus) starch, the resulting observations are given in Table V and jj 
Fig. 2. 

Differences such as are recorded here in intensities of iodine coloratig 
with pure amylose or amylopectin preparations from natural starches gx 
bound to exist because of possible heterogeneity as to molecular size as wel 
as, With amylopectin, to variations in the degree of branching (ef. (8)), 

Although the various methods for the fractionation of starch examine! 
here do not effect a clear-cut and quantitative separation of the unbranche 
and branched components in their pure state, fractionation by seleetiy: 
precipitation of amylose with butanol or with thymol, as recommended by 
Schoch (4) and by Haworth et al. (5), gives an approximate idea of the rek. 
tive proportions of the two constituents. However, to obtain them ini 
pure state for examination of their individual properties or for a precise eval 
uation of their percentages in any starch sample by reference to a calibrated 
curve or by extrapolation, as described here, it would appear necessary ti 
resort to a combination of procedures involving the properties of amylos 
for selective diffusibility in water at 60° and precipitability with butand 
or thymol-saturated water. 


SUMMARY 


1. A comparative study has been made of the procedures for the fraction 
ation of starch based on the differential solubilities of amylose and amyle 
pectin in hot water and in butanol- or thymol-saturated water. 

2. It is shown that the method of extraction with hot water at 60° yield 
an amylose fraction which is the purest obtainable, judged from the it 
tensity of its coloration with iodine; amylose separation is not, howevet 
quantitative. 

3. Fractionation of starch by selective precipitation of amylose wit 
butanol or thymol gives only a rough indication of the relative proportio 
of the linear and branched components; besides, separation, as judged ly 
the iodine-staining properties of the products obtained, is not clear-tl 

4. A procedure is outlined for obtaining highly pure preparations ( 
amylose and amylopectin from a starch sample. By quantitatively dete: 
mining the color intensities of the starch and of known mixtures of its all 
lose and amylopectin fractions with iodine, their proportions in the formé 
can be precisely estimated. 
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THE INCORPORATION OF ACETATE AND BUTYRATE CARBON 
INTO RAT LIVER GLYCOGEN BY PATHWAYS OTHER 
THAN CARBON DIOXIDE FIXATION* 
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(From the Department of Physiology, University of Minnesota, Minneapolis, and the 
vartment of Biochemistry, School of Medicine, Western Reserve University, 
Dex J Y; 4 : 
Cleveland) 


(Received for publication, July 23, 1948) 


This investigation was undertaken to study, by use of acetic and butyric 
acids labeled with C'’, the conversion in the intact animal of lower fatty 
acid carbon to liver glycogen in order to help explain the intermediate re- 
actions linking fat and carbohydrate metabolism in the intact animal. It 
appears certain that such conversion does occur for both of these acids (1). 

Classically, a dietary constituent has been considered a glycogen former 
if, after its administration, a net increase in glycogen is found over and 
above that of the control. By this criterion, there is no general agreement 
whether acetate and butyrate are glycogen formers. However, the carbon 
of a fatty acid could enter liver glycogen without effecting a net increase 
in the glycogen. For example, carbon could enter because of the constant 
turnover between carbohydrate and its precursors. Furthermore, because 
of the influence of the dynamic equilibrium between fats, proteins, and 
carbohydrates there could actually be a decrease in glycogen after admin- 
istration of a fatty acid and still carbon of the fatty acid could enter the 
latter. Similarly, a net increase in glycogen could conceivably occur with- 
out transfer of carbon from the fatty acid to glycogen. The question of 
whether acetate and butyrate are liver glycogen formers in the classical 
sense is different from that being considered in the present work; namely, 
whether the carbon of these fatty acids is incorporated into liver glycogen. 

The fatty acids in question are relatively rapidly metabolized to CO, (1), 
and CO, itself can be incorporated into liver glycogen (2). The biochemi- 
cal significance of the presence of fatty acid carbon in glycogen therefore 
depends to a considerable degree upon (a) whether all such carbon entered 
glycogen via CO, fixation or (b) whether some entered by another route 
without first being converted to COs. 

It is possible to degrade the glucose units of liver glycogen to locate the 


tes : i . 
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position of the labeled carbon (2). In the case of CO: fixation, the Isotopic 
carbon has been detected only in positions 3 and 4 of the glucose (2): 
Should the heavy carbon in glycogen isolated after feeding isotopic fatty 
acid appear in positions other than 3 and 4, this would be rather convincing 
evidence that a pathway other than CO; fixation was involved. In the 
experiments to be reported, the distribution of C has been determined jy 
rat liver glycogen after the administration, respectively, of each of the fo. 
lowing acids: CH;C8O0OH, C"H;COOH, C®H;C“OOH, CH;CH;CH, 
C8Q0OH, CH;CH:C"H,COOH, CH;C"H,CH,COOH. Evidence has bem 
obtained which indicates that these acids are converted to glycogen by 
another route in addition to CO: fixation, and some indications have bey 
obtained as to the mechanisms of these conversions. Preliminary reports 
of this work have been published previously (3-5). 


Methods 


Preparation of Isotopic Fatty Acids—The carboxyl-labeled fatty aeids 
were prepared by the Grignard reaction from the appropriate bromide and 
isotopic CO.. Purity of these acids was checked by determination of ti 
tratable acidity, total carbon, and partition coefficients (6) ; all agreed with 
theoretical values except the partition coefficient of the CH;-CH,-CH- 
C800H, which was 30.6 as compared with 31.1 for known butyric acid. 

The C¥H;COOH was synthesized by a modification of the method ¢ 
Anker (7). The purity of this and the following compounds was estab- 
lished by the same procedures that were used with the carboxyl-labeled 
acids. Agreement with theory was satisfactory unless otherwise indicated, 

The C*%H;-C¥OOH was synthesized by a procedure which was based 
upon the method of Cramer and Kistiakowsky (8). In the modification 
50 mm of BaC"*O; were used. The acetylene-hydrogen mixture as formed 
on hydrolysis of the barium carbide magnesium was collected over wate 
in a 3 liter flask and was then passed through a sintered glass disk into 
150 ml. of boiling catalyzing solution. The resulting aldehyde was col 
lected in 50 ml. of 5 per cent sodium bisulfite. The outgoing gas was cdl: 
lected and again passed through the catalyzing solution. The aldehyde 
was distilled from the bisulfite, after addition of calcium carbonate, and 
was oxidized to acetic acid by the dichromate method of Stahly et al. (9). 

Butyric acid labeled in the a position with C was prepared by the fol 


1In experiments carried out subsequently with CO», it has been found thst 
actually a trace of isotope does appear in carbon atoms 1, 2,5, and 6. The specifi 
activity of these positions has been found to be 1 to 2 per cent of that of carbon atoms 


3 and 4. 
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lowing series of reactions. Carboxyl-labeled sodium propionate was syn- 
thesized by the Grignard reaction and converted into the ethyl ester by 
heating with diethyl sulfate. The procedure was similar to the synthesis 
of carboxyl-labeled ethyl acetate (10). The ethyl propionate was then 
hydrogenated at 250° and 220 atmospheres by use of the copper-barium- 
chromium oxide catalyst (11, 12). The mixture of ethyl and propyl alco- 
hols was converted into a mixture of the corresponding iodides by heating 
with constant boiling hydriodic acid (13). The iodides were separated by 
fractionation. This separation was not complete and there was some non- 
labeled ethyl iodide in the propyl iodide fraction. The isotopic propyl 
iodide was converted into a-labeled butyric acid by the Grignard reaction. 
The over-all yield was 22 per cent of the theory. From 60 mM of isotopic 
BaCO;, as determined by the partition coefficient, 13.1 mm of a-labeled 
butyric acid were obtained, mixed with 5.3 mM of non-isotopic propionate. 

Butyric acid labeled in the 8 position with C' was synthesized by the 
following procedure. Carboxyl-labeled acetic acid was esterified with n- 
butyl alcohol and hydrogenated at 250° and 220 atmospheres with the 
copper-barium-chromium oxide catalyst. The mixture of ethyl and butyl 
alcohols was converted into the corresponding mixture of iodides and frac- 
tionated. The isotopic ethyl iodide was converted into butyric acid by 
the malonic ester procedure (14). The butyric acid and some non-labeled 
acetic acid from the malonic ester were converted into the methyl esters 
by heating the potassium salts with dimethyl sulfate and purified by frac- 
tionation. The methyl butyrate was saponified, and the butyric acid iden- 
tified by determination of the partition coefficient. The over-all yield was 
25percent. From 93.5 mm of sodium acetate 24.5 mm of 8-labeled butyric 
acid mixed with 0.96 mm of non-isotopic acetic acid were obtained. 

Before administration to the experimental animals, the solution of the 
sodium salt was made just acid to phenolphthalein by the addition of HCl. 

General Experimental Procedure—The procedure of Buchananet al. (1) has 
been adopted, in which glucose is fed to fasted rats, together with the 
isotopic fatty acid. Under such conditions a net deposition of isotope- 
containing glycogen occurs and there is relatively minor dilution of the 
newly formed glycogen by preformed non-isotopic glycogen. 

Table I contains data concerning the animals used, the material admin- 
istered, the liver weight, and the quantity of liver glycogen recovered. 

Rats, 120 to 240 gm. in weight, raised on a diet of Promax rat food,? were 
fasted for approximately 24 hours. Immediately after their teeth were 
clipped, the rats were fed by stomach tube a solution containing 1.7 to 3.3 


? Analysis by manufacturer, in per cent, protein 29.5, fat 8.40, fiber 2.8, nitrogen- 
free extract 41.45, moisture 9.00, ash 8.85, calcium 1.20, phosphorus 1.13. 
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mM of fatty acid and 353 to 477 mg. of glucose per 100 gm. of bi 
The total volume administered was usually such as to make 
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concentration 20 per cent. 


Rat 
No. 


33 
34 
38 
100 
101 
102 
103 
51 
63 


69 
70 
71 


CD) 


lam 
73 
74 
75 
53 
67 
81 
82 
83 
84 
89 
90 
91 
92 


Weight 
after 
fast 


gm. 


234 
215 
215 
155 
148 
153 
165 
190 
210 
210 


200 | 


200 
183 
179 
125 
135 
140 
240 
230 
140 
155 


160 | 


140 
140 
130 
130 
130 
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24 
24 
50 
24 
24 
24 
24 
24 
27 
27 
24 
24 
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24 
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24 
24 
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The animals were placed in a metabolism chamber for collection of thei 
respiratory CO, in NaOH, as previously described (2), with the modit- 
cation that in the experiments other than those with carboxyl-labeled acids 
both the alkali and air were stirred. There were three collection periods 
of 50 minutes each, between which the chamber was opened for changing 
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the alkali, a series of manipulations requiring less than a minute in nearly 
all cases. The CO, content of a sample of the air of the chamber taken 
at the end of each of two collection periods was found to be 0.16 and 0.18 
per cent, respectively. Since the total volume of the chamber was about 
11 liters, it may be estimated that some 20 ml. of CO, remained uncollected 
per period or less than 3 mM for an entire experiment. The CO, content 
of the alkali was measured by analyzing an aliquot in the manometric Van 
Slyke apparatus. 

Usually 23 hours after feeding the fatty acid-glucose solution, the rats 
were anesthetized with sodium amytal (100 mg. per kilo, intraperitoneally). 
The liver was extirpated, immediately placed in hot 30 per cent KOH, and 
heated in a boiling water bath for 3 hours. 

Glycogen was isolated by a modification of the method of Stetten and 
Boxer (15) in all experiments but those with the carboxyl-labeled acids, 
in which the procedure of Good, Kramer, and Somogyi (16) was used. As 
previously noted (2), when the procedure of Good et al. was used, the total 
carbon, as determined by a modification of the Van Slyke and Folch tech- 
nique (17), amounted to 117 to 184 per cent of the glucose estimated by 
reducing power. When the procedure of Stetten and Boxer was employed, 
the corresponding values were 94 to 112 per cent. 

The glycogen was converted to glucose by hydrolysis in H,SO,. To re- 
move any volatile C'* fatty acid, the hydrolysis was begun in 0.25 n acid, 
which was concentrated in a boiling water bath to 1 N by evaporation to 
one-fourth the original volume. The original volume was restored with 
water and the concentration repeated three times, whereupon the hydrolysis 
was completed in the remaining 1 N acid. The hydrolysate was decolorized 
with charcoal and filtered. Glucose was determined by either the Shaffer- 
Hartmann method (18) or the method of Folin and Malmros (19). 

Two types of degradation of glucose, bacterial and chemical, were carried 
out as previously described (2). In the bacterial degradation the glucose 
is fermented to lactic acid and then the lactic acid is oxidized with KMnO, 
to acetaldehyde and CO.. The acetaldehyde is in turn converted by the 
iodoform reaction to iodoform and formic acid. In this manner the carbons 
of the glucose are obtained in three fractions containing respectively car- 
bon atoms 3 and 4, 2 and 5, and 1 and 6. 


CeHi2.0, — CH;-CHOH-COOH — CH;:-CHO + CO, 


ihé.. 24.484 1,6 2,5 3,4 
CH;-CHO; — CHI; + HCOOH 
1,6 2,5 


In several instances the acetaldehyde was oxidized directly with persulfate 
(20) instead of being subjected to the iodoform reaction; thus carbon atoms 
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1, 2, 5, and 6 were obtained in one fraction. Ether extraction of th 
lactic acid was performed only in experiments on Rats 69 to 75 an 
Rats 100 to 103; in other instances the oxidation was carried oy 
directly on the centrifuged solution from the bacterial fermentation, 
In the chemical degradation, with limitations as described previously 
(2) and in this communication, carbon atoms 3 and 6 are obtained as . 
dividual fractions and carbon atoms 1, 2, 4, and 5 as a third fraction. 


Methyl glucoside — HCOOH + CH(OCH;)-CHO CHO-CH-CH.OH > 





O 


4HCOOH + HCHO + CH,OH 
1,2,4,5 6 


Heavy carbon was determined with the mass spectrometer. The values 
are expressed as atom per cent excess C, 7.e. C8 in excess of normal (un. 
enriched) carbon, commercial reagent grade BaCQO; being employed as q 
source of a CO, standard in calibrating the mass spectrometer. The mayi 
mum difference in C* content between this standard and normal rat liver 
glycogen was found to be 0.005 atom per cent. Whereas this result might 
indicate 0.005 to be the expected experimental variation, it has been our 
procedure not to place significance on values less than 0.02 atom per cent 
in excess of normal. Thus a margin is provided for possible incomplete 
separation of the isotopic and non-isotopic compounds. 

In a control experiment non-isotopic acetate was administered to the 
animal, but at the time the liver was placed in KOH, carboxyl-labeled ace- 
tate was also added to the alkali. Significant amounts of excess C" were 
not found in the glycogen (see Table II, results.for Rat 35). 


RESULTS AND DISCUSSION 


The discussion will take the following order. First the data on the rela- 
tive distribution of the isotope in the glucose unit of the glycogen will be 
considered for each of the different types of labeled acids. Next evidence 
will be presented which shows that these acids are converted to glycoget 
by a pathway in addition to that of CO, fixation. Finally the intermediary 
mechanism of metabolism of acetate and butyrate will be considered it 
relation to the tricarboxylic acid cycle and glycogen synthesis. 


Distribution of Isotope in Glucose from Liver Glycogen 


The distribution of C* in the liver glycogen following the administration 
of labeled fatty acids is shown in Table II; the values are from both the 
bacterial and chemical degradations. Although there are some discrep: 
ancies between results by the two methods, which will be considered later, 
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the over-all results can be summarized from the data as given. It is goq 
that with both carboxyl-labeled acetic and butyric acids glucose was oh, 
tained in which the isotope was predominantly in the 3 and 4 positiog 
There was little or no excess in the 2,5 and 1,6 positions. This fact hg 
been indicated in the last column of Table II by means of a 6-carbon kelp. 
ton (C—C—C*—C*—C—C) in which the asterisk locates the preponde. 
ance of isotope. A similar glucose is obtained with the 8-labeled butyrate 
On the other hand, with methyl-labeled and doubly labeled acetate gnj 
with a-labeled butyrate, a significant concentration of isotope was found jy 
all degradation fractions and the indications are that each position of the 
glucose contained isotope. In the case of the methyl-labeled acetate ani 
a-labeled butyrate the 3 and 4 positions contained a smaller but significant 
excess of isotope than the other positions, and this type of glucose has been 
indicated as follows: C*—C*—C’—C’—C*—C*.. With the doubly labela 
acetate all positions were high, but the 3 and 4 positions were the highest, 

Before further consideration is given to the significance of these data, the 
reliability of the degradation procedures will be discussed. It will be noted 
in Table II that whenever there was an excess of isotope in the 2,5 and 14 
positions as obtained by the bacterial degradation the concentrations wer 
usually of the same order of magnitude in the two fractions, but frequently 
the 1 and 6 positions contained somewhat less excess C™ than did the? 
and 5 positions. It was of considerable importance to establish whether 
or not these small differences were true differences, for, as will be shownin 
the later discussion, an unequal concentration would not be compatible 
with the currently accepted schemes of carbohydrate metabolism. 

It has been found that the observed values are not true ones and that 
an error is caused by traces of extraneous carbon which are oxidized to 
CO, by the chromic acid oxidation used to convert the iodoform carbon to 
CO,. Dilution from this source may be appreciable when samples of the 
size usually dealt with in the present work are involved (0.5 mm of COs and 
less). In the case of the 2,5 position when mercuric acetate is used t0 
convert the formic acid to COs, no comparable dilution occurs. 

Some of the evidence on this point follows: When CO, was liberated from 
BaC"O; by the chromic acid oxidant, it regularly displayed a lower C 
concentration than the original BaC%O;, unless enough BaCO; was used 
to obviate the effects of dilution by the extraneous carbon which was 0x: 
dized to COs. The same type of dilution was observed when the chromit 
acid oxidation was applied to a labeled organic compound (C"“H;CHr 
COOH). The resulting CO, contained a progressively greater C'* concel- 
tration as the sample size was increased (from 5 to 40 mg. of CO2). Whe 
lactic acid, which was synthesized chemically (8) from isotopic acetylene, 
and thus contained an equal concentration of C" in the a- and 8-carbons, 
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was degraded in the usual way, a discrepancy was noted between the la- 
beled positions similar to that found with the lactate from liver glycogen. 
With a large enough sample the C® content of the CO. derived from the 
a-and 6-carbons of the synthetic lactate was found to be the same. These 
results are summarized in Table III. In addition when two aliquots of the 
lactate from the liver glycogen of Rats 69 to 75 were degraded, the smaller 
samples showed a discrepancy between the C’* content of the a- and £- 
carbons, whereas the larger samples contained practically identical isotope 
concentrations (Table III). It is thus clear that with small samples false 
and variably low values were obtained for the 1 and 6 positions. 

The results indicate with reasonable certainty that there is no difference 
between the 2,5 and 1,6 positions, and that any difference shown in Table 


TABLE III 


Effect of Sample Size on Apparent Isotope Content of a- and B-Carbon Atoms of 
Labeled Lactate 





a-Carbon 8-Carbon 
Material degraded ees: Co 

CO: Cu CO: Cis 

aiom atom 
me. per cent meg. percent 

excess excess 

Synthetic C!8H;C}SHOHCOOH... e 2 10.6 | 3.32 | 10.6 | 2.62 
~ a : ee 21.1 | 3.37 | 18.1 | 2.96 

5 s ee eee y 24.9 | 1.14 | 31.5 | 1.16 
Aliquot of lactate from Rats 69-75........ 8.3 | 0.28 | 12.5 | 0.22 
= on Ke 95 oe GW ae 2 cas Suttle 18.2 | 0.29 | 19.8 | 0.28 





*Run on a sample of lactate containing less isotope than that used for the first 
two degradations. 


II may be the result of the small samples employed. The present results 
are therefore considered to be in agreement with the idea that the 2,5 and 
1,6 positions contained equal concentrations of isotope. 

It should be pointed out that the degradation cleanly separates the differ- 
ent positions of the lactic acid. Thus in the degradation of synthetic 
C8H;C"HOHCOOH, the CO, isolated from the carboxyl group contained 
no excess C8 and the a- and 6-carbon fractions contained equal C con- 
centrations. On the other hand when a sample of synthetic CH;C“HOH- 
COOH was degraded, it yielded excess isotope only in the single fraction 
corresponding to the a-carbon atom. 

The results from the chemical degradation will be considered next. The 
data from this degradation in conjunction with the data from the bacterial 
degradation provide an opportunity to determine in greater detail the dis- 
tribution of the isotope in the sugar. 
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Sufficient material was available in four of the glucose samples for both 
a bacterial and a chemical degradation. In the chemical degradation 
probably the most reliable result is for position 6, since the formatioy 
of formaldehyde in the periodic acid oxidation is quite specific for primary 
alcohols. It will be noted in Table II that position 6 as determined by 
chemical degradation contained approximately the same concentration of 
isotope as did the 1,6 and 2,5 fractions obtained from bacterial degrada. 
tion. The only exception is the result from the doubly labeled acetate 
Rats 69 to 75, in which the concentration of isotope in position 6 was 0.24 
as compared to that of 0.29 and 0.28 for the 2,5 and 1,6 positions. Poggi. 
bly this result may be in error. A discrepancy in the results is indicated, 
because the average concentration of all fractions by bacterial degradation 
was higher than those from chemical degradation. 

On the whole, however, it is seen that the results are in agreement with 
the idea that carbon atoms 1, 2, 5, and 6 contain an equal concentrationof 
isotope. This follows from the observation that in general carbon atom 
6 = 1,6; therefore carbon atom 1 = 6; also 1 or 60r1,6 = 2,5. It isto 
be noted that, although the results offer direct data indicating equality of 
positions 1 and 6, they do not give direct evidence that position 2 equak 
position 5. It seems likely, however, that this is the case from a consider. 
ation of the schemes of glycolysis. 

An evaluation of the relative concentration of C™ in positions 3 and 4 
may be obtained from the value for position 3 as determined chemically and 
that of the value for combined positions 3 and 4 from bacterial degrada 
tion. Only a rough approximation is possible, however, because position 
3 in the chemical degradation is not completely specific. Position 3 as ob- 
tained in this method consists of formic acid and it is contaminated by 
formic acid arising from other positions. In part this contamination comes 
from unmethylated glucose, since the samples of glucoside contained st 
least 1 to 2 per cent free glucose. In addition some free glucose may ke 
formed by hydrolysis of the glucoside during the oxidation. In the periodic 
acid oxidation of free glucose formic acid is formed from 5 of the 6 carbo 
atoms. The fact that contamination does occur is indicated by results ob- 
tained on glucoside prepared from pure glucose in which more than a mde 
for mole yield of formic acid was found (2). Contamination of position’ 
becomes apparent when the 1 ,6 and 2,5 positions have a low or high concen 
tration of isotope as compared to the 3 and 4 positions. Thus when 1, 2,4 
and 6 carbon atoms contained more isotope than carbons 3 and 4, the cot 
tamination gave a high value for carbon atom 3 as compared to carbons} 
and 4; on the other hand when carbon atoms 1, 2, 5, and 6 contained a lor 
concentration of isotope, the opposite effect occurred. These results were 
noted in most cases (see Table IT). 

When consideration is taken of these sources of contamination of pos 
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tion 3, comparison of position 3 from chemical degradation with positions 
3 and 4 from bacterial degradation indicates that position 3 is approxi- 
mately equal to positions 3 and 4. Thus carbon atoms 3 and 4 probably 
contain an equal concentration of C. All the results of Table II, there- 
fore, are in conformity with the idea that the two halves of glucose are 
identical. This is the distribution of isotope which is to be expected on the 
basis of the conventional schemes of glycolysis in which glucose is formed 
on an over-all basis by union of 2 pyruvate molecules through a carboxyl 
to carboxyl linkage (2). This prediction assumes that the triose isomerase 
acts sufficiently rapidly to equilibrate the isotope in the glyceraldehyde 
phosphate and dihydroxyacetone phosphate. It is apparent, however, 
that the methods do not permit the strictly quantitative measurement 
which would be necessary to prove this point rigidly. 


Evidence for Conversion of Fatty Acid Carbon to Glycogen by Pathway 
Other Than CO, Fixation 

It is apparent from Table II that after the feeding of carboxyl-labeled 
acetate or butyrate, as well as of 8-labeled butyrate, all, or practically all, 
of the detectable excess C’ was found in positions 3 and 4 of the glucose. 
Since these are the same positions as for COs fixation, the results with these 
compounds provide no direct evidence that there is a mechanism other 
than CO, fixation by which the carbon of acetic or butyric acid is incorpo- 
rated into liver glycogen. However, after the feeding of a-labeled acetate, 
doubly labeled acetate, or of a-labeled butyrate, not only carbon atoms 3 and 
4, but all degradation fractions contained significant amounts of C*. These 
latter results furnish direct evidence that atleast the a-carbon atoms of the 
fatty acids studied are incorporated into liver glycogen by some means in 
addition to CO, fixation. The possiblity that the presence of fatty acid 
has provided a route over which carbon may be incorporated as CO, into 
positions other than 3 and 4 of the glucose is excluded by the results ob- 
tained when the carboxyl-labeled acids were fed. 

The level of isotope in the respiratory CO, has been used in attempting 
to evaluate the extent to which isotope from administered fatty acids 
reaches liver glycogen by CO, fixation. Buchanan et al. (1) fed rats ace- 
tate, propionate, and butyrate labeled with C™ in the carboxyl position. 
On the basis of the radioactivity found in the liver glycogen and respiratory 
CO; in these experiments as compared with the radioactivity found in liver 
glycogen and respiratory CO, in CO, fixation experiments, they attempted 
to apply a correction to the fatty acid experiments for the isotope deposited 
in the liver glycogen from CO». An observed isotope content in the glyco- 
gen over and above that calculated as derived from CO, was taken to indi- 
cate conversion of fatty acid to glycogen by a second mechanism. These 
workers concluded that in the case of acetate CO, fixation alone could ac- 
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count for all of the C" of the glycogen, whereas for propionate and by. 
tyrate CO; fixation could account for only a fraction of the isotope foun 

In the present work, in the case of acetate as well as of butyrate, for gj 
types of labeling employed, the isotope was more abundant in carbon atopy 
3 and 4 of the glucose than would be anticipated from the level of (jp 
the respiratory CO, were CO; fixation the only mechanism at work. Py 
example, the excess C" in carbon atoms 3 and 4 of the glucose isolated from 
the liver of rats administered NaHCO; was only about one-sixth to one. 
seventh that found in the respiratory CO, (2), while in the experiments 
with carboxyl-labeled acetate, the isotope in positions 3 and 4 was rely. 
tively twice as abundant as in the CO, fixation experiments, being about 
one-third the excess noted in the respiratory COs. 

Certain objections to comparisons of this sort may be pointed out. Ey. 
periments on CO, fixation in which labeled bicarbonate has been given may 
not be regarded as suitable controls for experiments in which fatty acid 
have been fed, since the influence of fatty acid feeding on CO, fixation has 
not been assessed. Furthermore, the isotope content of the respiratory (0, 
may not bear the same relationship to the isotope content of the intra. 
cellular CO, in both instances, since the isotopic CO, has been introduced 
into the animal as bicarbonate in one case and has arisen from the intn- 
cellular oxidation of an organic acid in the other. The experiments of Ball 
et al. (21), in which NaHC"O; was administered and the specific activity of 
the NaHCO, of pancreatic juice and of the respiratory CO. was found to 
be the same, cannot be considered as establishing the respiratory COQ as 
a valid sample of the intracellular CO, of all tissue cells with respect to 
isotope content, since the cells of external secretion of the pancreas are 
probably unique in their ability to concentrate bicarbonate. Hence itis 
apparent that experiments with the carboxyl-labeled acids provide only in- 
direct evidence regarding the transfer of the fatty acid carbon to glycogen 
by ways other than CO, fixation, and, in view of the possible source of 
error described above, it is not surprising that the evidence of Buchanan 
et al. (1) and of the present work is in conflict with respect to acetate. 

The present results with a-labeled and doubly labeled acetate, in which 
the isotope occurs in positions other than 3 and 4 of liver glucose, show | 
conclusively, however, that this acid is converted to carbohydrate by path | 
ways other than CO, fixation. " 


Intermediary Metabolic Steps in Conversion of Fatty Acid 
to Glycogen 


Although in the present work we are observing only the initial and finsl 
stages whereby fatty acid carbon is transformed to glycogen, some discus 
sion seems desirable concerning intermediate steps. 
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Because of the impressive evidence accumulating in favor of the tricg. 
boxylic acid, or Krebs cycle, as a general mechanism for the oxidation g 
carbohydrates, fats, and proteins, the present results will be considered jy 
terms of this cycle. The cycle, abridged for purposes of simplicity, is pr 
sented schematically in the accompanying diagram. The assumption 
are made that the constituent hexose units of glycogen are formed frop 
two 3-carbon fragments (represented by pyruvate) in accordance with the 
conventional schemes of glycolysis, and that the tricarboxylic acid eyck 
participates in the introduction of isotope into the 3-carbon fragment, 
pyruvate. 

It must be emphasized that the following discussion of metabolic path. 
ways for acetic and butyric acids is speculative. The possibility exis 
that the results of the present experiments, as well as of those on C0, fy. 
ation (2), may be explained by unknown metabolic conversions, or by modi- 
fications of reactions in the tricarboxylic acid cycle, or by reactions on the 
path between pyruvate and glucose. 

In the diagram it is to be noted that the carboxy] carbon of pyruvate 
becomes the 3 and 4 carbons of the glucose, the a-carbon becomes the? 
and 5 carbons, and the 8-carbon becomes the 1 and 6 carbons (Reaction a), 
Furthermore, since pyruvate is formed from the oxalacetate (Reaction }) 
by loss of the carboxyl adjacent to the methylene group (8-carboxy] group), 
the location of C' in the oxalacetate determines the location of the isotope 
in the pyruvate. 

The oxalacetate formed from pyruvate and isotopic carbon dioxide would 
contain labeled carbon in the 8-carboxyl group only. In order to explain 
the location of fixed carbon dioxide in positions 3 and 4 of glycogen, itis 
assumed that the oxalacetate is converted to a symmetrical C,4-dicarboxyli 
acid, represented by. succinic acid in the scheme (Reaction c). In this way 
the labeled carbon becomes randomized between both carboxyl groups 
Reversal of Reactions c and b would then yield carboxyl-labeled pyruvate 
and hence glycogen labeled in positions 3 and 4. 

Pathways from Acetate to Glycogen—From carboxy]-labeled acetate the 
isotope is transferred via the cycle to both carboxyl groups of the oxi: 
acetate (Reactions d, e, f, g, c) and decarboxylation of the oxalacetate 
results in carboxyl-labeled pyruvate (Reaction b). Moreover, reentry d 
this labeled oxalacetate into the cycle cannot introduce the C" into aly 
other position in the oxalacetate, because both carboxy! groups of the oxi 
acetate are lost as CO, in the transformations of the cycle. This conditid 
also applies in the case of COs: fixation. The scheme is thus in agreemeéll 
with the observed results of Table II in that it indicates that either fixel 
carbon dioxide or the carboxy] of acetate will be only in the 3 and 4 pot 
tions of the glucose. 

The results following the feeding of a-labeled acetate are also explained. 











Cond 
to the 
beled. 
and, | 
carbo 
will b 
excess 
this |: 
of iso 
the cy 
end 0} 
of thi 
with | 
centré 
proac’ 
nifical 
COs. 
The 
throu 
are la 
glyco 
result 
the o1 
isotop 
chain. 
Le. a& 
other 
of ext 
server 
perim 
the ex 
result 
avera: 
admin 
In : 
schem 
in the 
simila 
tory ¢ 
The 
respir: 
collect 
obtair 








vate 
he 2 
1a), 
n b) 
up), 
tope 


ould 
lain 
it is 
xylic 
way 
Ups. 
vate 


> the 


oxal- 


etate | 
ry 0 | 


) any 
oxal- 
lition 
ment 
fixed 


sined. 

















LIFSON, LORBER, SAKAMI, AND WOOD 1277 


Condensation of C'"H;COOH with oxalacetate would lead through the cycle 
to the formation of oxalacetate, the non-carboxyl carbons of which are la- 
beled. Decarboxylation of such oxalacetate yields a,8-labeled pyruvate 
and, hence, glycogen labeled equally in carbon atoms 1, 2, 5, and6. These 
carbon atoms of the glycogen were found to contain excess isotope, but it 
will be observed in Table II that carbon atoms 3 and 4 also contained an 
excess of C, up to nearly one-half that in the other positions. Part of 
this labeled carbon undoubtedly was introduced by reentry into the cycle 
of isotopic oxalacetate generated in the cycle. Assuming recirculation in 
the cycle of such oxalacetate, one finds upon study of the cycle that at the 
end of the second circulation the C concentration in the carboxyl groups 
of this compound is one-third that of the non-carboxyl carbons, and that 
with further recirculation of the oxalacetate the ratio of the isotope con- 
centration in the carboxyl carbons to that in the non-carboxyl carbons ap- 
proaches one-half. The methyl carbon of acetate can thus contribute sig- 
nificantly to the 3 and 4 positions of the glycogen, without conversion to 
COs. 

The condensation of doubly labeled acetate with oxalacetate would lead 
through the cycle to the formation of oxalacetate, all carbon atoms of which 
are labeled; decarboxylation of such oxalacetate yields pyruvate and hence 
glycogen likewise with all its carbons labeled. Again the experimental 
results are in agreement with this expectation. If the route described is 
the only one by which acetate carbon is being converted to glycogen, the 
isotope concentrations should be equal in each carbon atom of the glucose 
chain. The deviation of experimental observations from this anticipation, 
ie. a greater abundance of isotope in carbon atoms 3 and 4 than in the 
other fractions of the glycogen, is reasonably explained by the introduction 
of extra C® into these positions by CO, fixation. The fact that the ob- 
served C* content of the respiratory CO, (Table IV) was high in the ex- 
periments with the doubly labeled acetate is consistent with the idea that 
the extra C’ came from CO:. The high C® content in the respiratory CO, 
resulted because both carbons of the acid were labeled and therefore the 
average excess C! content was higher in this case than for the other acids 
administered. 

In addition to comparing the agreement between the predictions of the 
scheme and the observed data relative to the distribution of the isotope 
in the carbon chain of the glucose unit, there is also opportunity for a 
similar comparison on the basis of recovery of the isotope in the respira- 
tory CO,. 

The data on the respiratory CO, are shown in Table IV. The total 
respiratory CO, (column (a)) represents the sum of values for the three 
collection periods during which approximately equal quantities of CO. were 
obtained in each period. The total C* shown in column (b) was obtained 
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by summation of calculated C¥ values for these three periods. —_ In colum 
(c) is shown the per cent of the administered C” recovered in the respiry. 


tory CO.. These values were calculated from column (b) and the my | 


of C** administered, which may be calculated from the per cent ( jy 























TaBLe IV 

Data on Respiratory CO2 
C'3 of respiratory | | Adminis- -_ 
CO: by collection | Total | Total | tered C1 CO, 
periods respi- | C¥3in | recovered | from 
Fatty acid administered Rat No. | ratory respi- in admin. 
: COz |ratory| respiratory | istered 
‘ : | P | COz COz = 
| (a) | (b (c) ri) 

atom | atom 
ead jroae'| Lard mM | mM | per cent | per cess 

excess | C#C@SS | excess 

CH;C!3OOH 33, 34 0.20) 0.33 | 0.37] 37.4/0.115) 19 (24)*| 19 
= 38 0.20} 0.44 | 0.39} 11.2/0.047| 16 (20)*!| 16 
C##H,COOH 100, 101 | 0.16] 0.35 | 0.32) 37.1/0.100) 35 4 
we 102, 103 | 0.20) 0.31 0.32) 35.4/0.097) 31 14 
CH,C800H 51 0.34] 0.60 | 0.59] 18.30.094) 20 12 
“ 63 0.41] 0.66 | 0.61} 20.8)0.119) 24 13 
‘ 64 | 0.42| 0.64 | 0.61) 22.2/0.127) 26 13 
we 69 | 0.41] 0.69 | 0.74] 18.6)0.114| 22 13 
= 70 0.70} 0.90 | 0.62 19.5,0.137| 27 15 
“ | 71 | 0.54] 0.95 | 0.91] 19.4)0.158) 34 18 
s 72 | 0.50] 0.76 | 0.72) 20.1/0.134) 29 14 
¢ | 73, 74 0.39) 0.58 | 0.65) 31.5)0.173 30 12 
CH;CH2CH.2C!30OH 53 0.17) 0.27 | 0.19] 23.1/0.050) 20 2 
. | 67 | 0.20} 0.36 | 0.33| 20.0/0.061) 27, 31 
CH;CH.C!*H,COOH | 81, 82 0.07) 0.11 | 0.14] 32.9/0.035) 17 ll 
ws 83, 84 0.06) (0. 10)t, 0.13} 30.1/0.028) 14 10 
CH;C#%H2CH2COOH 89, 90 0.26) 0.31 | 0.26 31.1/0.086 29 26 
ys | 91, 92 0.28) 0.35 | 0.29) 33. 5/0. 103) 36 8 
* The collection pe while were 40 minutes each. The values in parentheses are 


the observed values multiplied by 5/4 to make the results comparable with the rest 
of the experiments. 
+ Assumed value. 


the administered acid (Table II) and the amount of fatty acid give 
(Table I). 

The values in column (c) indicate the proportion of the total amountd 
the isotopic carbon of administered acetate which was oxidized to C0;i0 
24 hours under the conditions of the experiment. The values in colum 
(d) present a different aspect in that they indicate what part of the respi 
tory CO, came from the fatty acid compared with that from other nd- 
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labeled materials in the metabolic pool of the animal. The figures in col- 
umn (d) indicate simply the dilution of the administered isotope by non- 
jsotopic carbon and were obtained by the following calculation. 


Atom % excess C8 in respiratory CO, 


F =——— 3100 
Atom % excess C® in fed fatty acid 


The values for the denominator are given in Table II, while those for the 
numerator may be calculated from Table IV, columns (a) and (b). 

It should be emphasized that this calculation (column (d)) assumes (ex- 
cept for the doubly labeled acid, for which no such assumption is neces- 
sary since both carbon atoms contain an equal isotope concentration) that 
all carbons of the fatty acid chain in question are converted to CO: at equal 
rates. 

As nearly as can be judged from the limited data available in Table IV, 
all types of labeled acetate are oxidized at about the same rate. The aver- 
age for acetate is 27 per cent; 7.e., 27 per cent of the isotope was recovered 
in the respiratory CO, in 2} hours. Likewise that part of the respiratory 
CO, that came from the fatty acid was for all types of acetate the same, 
the average being 14 per cent of the total CO». 

It is apparent that if the carboxyl carbon of acetate were actually con- 
verted to CO, more rapidly than the methyl carbon these values would 
have been higher for the carboxyl-labeled acid than for the methyl-labeled 
acid, and the values for the doubly labeled acetate would have been inter- 
mediate. The fact that all types of labeled acetate give the same results 
in the respiratory CO, is in agreement with the predictions of the cycle. 
Study of the schematic diagram will reveal that, at the end of the second 
circulation of oxalacetate through the cycle, one-half as much of the car- 
boxyl carbon of the oxalacetate has been derived from the methyl carbon 
of the acetate as from the carboxyl carbon of the acetate. By further re- 
peated circulation the total contribution of the carboxyl and methyl car- 
bons of acetate to the carboxyl carbons of oxalacetate approaches equality. 
Since it is the carboxyl carbons of oxalacetate which yield CO, on passage 
through the cycle, the rate of conversion of the methyl carbon of acetate 
to CO, should approach that at which the carboxyl carbon is so converted. 

From the foregoing it is concluded that both carbons of acetate are con- 
verted to CO. at approximately equal rates. This finding, as well as the 
results of the distribution of the isotope in the glucose, thus seems to be 
consistent with the suggestion that acetate may be oxidized by the tricar- 
boxylie acid cycle. 

It is noteworthy that the conversion of acetate to glycogen via the cycle 
cannot account for a net increase in glycogen from acetate carbon per se, 
since 2 moles of CO, are produced for each mole of acetate that enters the 
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cycle. This is in agreement with the fact that glycogen is not deposited 
the liver of the fasted rat following the feeding of acetate alone. Aspp. 
viously noted, however, the net change in glycogen in an animal may 
as much dependent on the effect of the fed compound on the balance of the 
dynamic equilibrium of the body as it is on whether or not there is a mech. 
anism for net transfer of carbons from the compound to the glycogen. Th 
formation of glycogen in the traditional sense (7.e., net glycogen deposition 
contrasted with an actual transfer of carbon from a compound to glycogey 
as measured with isotopes may have no relation. When viewed in term: 
of actual movement of carbon to glycogen, it is apparent that short chain 
fatty acids and, in all probability, long chain fatty acids as well can 
converted to carbohydrate. Bloch and Rittenberg (22) have shown thy 
a long chain fatty acid (myristic acid) can give rise to acetyl groups in th 
intact organism. Furthermore it has been reported that acetate enter 
aspartic acid and glutamic acid, which are considered to be in biological 
equilibrium with carbohydrates by routes other than CQ, fixation (3 


These considerations together with present results with acetate indicate 


that glycogen carbon can be derived from long chain fatty acids. 
It should be pointed out that the conversion of acetate to succinate by 
methyl to methyl condensation and a subsequent conversion of the sw- 


cinate to pyruvate and then to glycogen would meet all the requirements ¢ | 


the present experimental data. Therefore on this basis there is no reaso 
to exclude this mechanism. On the other hand the conversion of acetate 
to glycogen by a mechanism involving the formation of pyruvate by aé- 
dition of a 1-carbon compound to the carboxy] of acetate (or a derivative 
can be excluded. If this occurred, it would be expected that carboxyl-h- 
beled acetate and probably carboxyl- and 8-labeled butyrate would giv 
rise to a a-labeled pyruvate. This type of pyruvate apparently was notth 
means of entrance of the acetate, for if it were, one would expect labelim 
to appear mainly in the 2,5 positions of the glucose. Actually this di 
not happen to a significant extent. On the other hand the results doa 
necessarily exclude the addition of a 1-carbon compound to the meth 
varbon of acetate. 

It is thus seen that, although the results are in agreement with the tr: 
carboxylic acid cycle as a mechanism of conversion, this is by no meanstle 
only mechanism which would explain the results. 

Pathways from Butyrate to Glycogen—There is a large body of expet 
mental facts which indicates that fatty acids may be oxidized by 6 ot 
dation to acetate or derivatives of acetate (22, 24). If this occurs, iti 
reasonable to suppose that the resulting acetate would be converted t 
glycogen. With different types of labeled butyrate it should be possill 
by comparison with results obtained with the different kinds of labele! 
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acetate to determine whether or not the 8 oxidation scheme suitably ex- 
plains butyrate metabolism in intact animals. Thus carboxyl-labeled bu- 
tvrate or 6-labeled butyrate should be equivalent to carboxyl-labeled ace- 
tate and lead to the deposition of glycogen with isotope limited to the 3 
and 4 carbon atoms of the glucose unit. 


CH;-CH2-CH2-C'3OOH — CH;-CO-CH2-C'%OOH — CH;COOH + CH,;C“OOH 
CH;-CH2-CH2-COOH — CH;-C¥0-CH:-COOH — CH;C!3O00H + CH;COOH 


a-Labeled butyrate should be equivalent to methyl-labeled acetate and 
lead to the deposition of glycogen with isotope preponderantly in carbon 
atoms 1, 2, 5, and 6. 


CH;-CH.2-C'8#H,-COOH — CH;-CO-C#H,-COOH — CH;COOH + C'H,COOH 


The results shown in Table II are in complete agreement with these pro- 
posals and offer support to the idea that butyrate undergoes 8 oxidation 
and that the resulting 2-carbon compound may be converted to glycogen 
via the tricarboxylic acid cycle through reactions similar to those previously 
described for acetate. It is realized, of course, that what are observed in 
these tests are the end-results and that no real information is given on 
intermediate steps. There may be other mechanisms which would fulfil 
the requirements of the data, but at present the 8 oxidation theory appears 
adequate. 

The present results apparently rule out, at least for the conditions of 
these experiments, the formation of glycogen by w oxidation of butyrate 
to succinate as suggested by Blixenkrone-MOller (25). Whereas the results 
with carboxyl- and a-labeled butyrate could be explained by this mech- 
anism, it cannot explain the results with the S-labeled butyrate. By w 
oxidation to succinate, isotope from B-labeled butyrate would be located 
predominantly in positions 1, 2, 5, and 6 of the glycogen, as illustrated by 
the following equations. 

CH: C*H;-CH,- COOH — COOH-C™H2-CH:-COOH — 


COOH: C"H,-CO-COOH C“H;-CO-COOH 
or = or — CB.C3.C.C.C. C13 


COOH-C#0-CH;-COOH CH;-C¥0-COOH Glucose 


Actually, as already noted, a significant excess of C™ could be detected 
only in positions 3 and 4. It should be noted that this distribution proba- 
bly would not result by w oxidation even if the resulting dicarboxylic acid 
Were not symmetrical. From anunsymmetrical C,-dicarboxylic acid either 
of the two types of pyruvate as illustrated above would be expected and 
neither would give a glucose unit labelled in positions 3 and 4. Further- 
more the oxidation of butyrate to succinate, followed by cleavage in the 
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center, to 2 molecules of acetate is not likely, because this mechanism woylj 
be expected to give a glucose from f-labeled butyrate like that obtaing 
from methyl-labeled acetate, whereas it did not. 


Metabolism of butyrate via acetate would not directly provide for ang 


increase in carbohydrate precursors, but such an increase if it does ocey 
(as indicated, for example, by the work of Blixenkrone-Miller, whereig 
glucogenesis was reported in perfused livers following the administratio, 
of butyrate) could be an indirect effect of the fatty acid. The presence of 
butyrate may exert a sparing effect and cause the accumulation of glycogen 
from available carbohydrate or carbohydrate precursors derived from 
protein. 

If butyrate is metabolized via acetate, one might expect, from the results 
on the three types of labeled acetate, that all carbon atoms of butyrate 
would be converted to CO, at approximately equal rates. From the daty 


on respiratory CO, (Table IV) it would appear that the carboxyl and §. | 


carbons of butyrate are burned much more rapidly than is the a-carbon, 


Unfortunately, the experiments with the a-labeled butyrate are not e | 


tirely comparable to those in which the carboxyl- and 6-labeled acids wer 
fed, since considerably smaller amounts of the a-labeled butyrate were al. 
ministered and also this fatty acid was contaminated with appreciable 


amounts of non-isotopic propionate (see Table I). Both these factory | 


would lower the relative amount of labeled carbon in relation to the total 
metabolic pool and thus the C™ in the respiratory CO, would be less con. 
centrated. As a consequence of this, as judged by column (d), Table IV, 
which gives the dilution in the respiratory CO, of administered isotope by 
non-isotopic metabolic CO:, the oxidation of the a-carbon would be ind: 
cated to be relatively lower than for the other positions. Actually, hov- 
ever, a proportionally greater oxidation of non-isotopic material may hare 
been the real cause of this difference. The values for the per cent of th 
administered isotope recovered in the CO, (column (c)) also indicates 
slower oxidation of the a-carbon, but no definite conclusion seems justifiel 
on the basis of the two results, for it is seen in column (c) that there isi 
great deal of variation in the results from one experiment to another. Thi 
variation may in part be caused by variation in absorption. Thus 
present there is no reliable indication that the rate of oxidation diffen 
for the individual positions of the butyrate molecule and this questitt 
must be left open. 

Considered as a whole, these studies with acetate and butyrate whit 
have been performed on intact normal animals have yielded results whit 
agree remarkably well with predictions from schemes which have been de 
rived for the most part from studies in vitro. The results give some ev 
dence that the tricarboxylic acid cycle is an active mechanism in the norms 
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rould animal; also the evidence lends support to the conventional schemes of 
ained | glycolysis. It should be borne in mind that, although these studies were 

made on whole, fasted animals, they probably represent in a large part the 
ane , metabolism of the liver. It is conceivable that studies of longer duration 
occur with glycogen from other tissues might yield results which differed from 
erein | the present results. Conceivably kidney, heart, etc., may follow metabolic 
ration | pathways with some variations from the metabolism of liver. 





nce of 
Cogen SUMMARY 

wi ‘The glycogen of rat liver was isolated following feeding, by stomach 
sults tube, of glucose plus either acetate or butyrate labeled with C%. The 
wal glycogen was hydrolyzed to glucose, and the latter degraded. 





da After the administration of CH;-C"%O0OH or CH;:CH.-CH2-C"OOH as 
C dati | yell as after the administration of CHs-C'H,-CH,- COOK, all of the ex- 


a Cems isotopic Car bon in the glycogen was found in positions 3 and 4 of the 
ian | glucose unit. Since these are the same positions as for CO: fixation, and 
in we | since considerable amounts of isotopic carbon appeared in the respiratory 
eal CO., it was impossible from location of C8 in the glycogen to determine 
veciabe whether there was an additional pathway of conversion of fatty acid 
factos carbon to glycogen. 

vetoal | With C*Hs- COOH or C"*Hs-C0OH or CHs-CH2-C*H:-COOH, alll de- 


i gradation fractions of the glycogen contained excess C"*. This is considered 
‘ble IV direct evidence that at least the a-carbon atoms of acetate and butyrate 
tone ty can enter glycogen by a pathway other than CO, fixation, 

1“ in The distribution of isotope found in liver glycogen is consistent with 
ry, ho formation of 3-carbon carbohydrate fragments from acetate and butyrate 
ee hun | 8 the tricarboxylic acid cycle, and synthesis of the 6-carbon glycogen 
t of th units from two 3-carbon fragments through reversal of the conventional 
dicate reactions of glycolysis. sa 

justi The results after the administration of butyrate are consistent with the 
heres | 6 oxidation of butyrate to 2 molecules of acetate, but inconsistent with 
Thi 3 oxidation of butyrate to succinate. 

‘Thus rf These observations have been made with intact animals and provide 


wn dif some evidence for the functioning, under in vivo conditions, of schemes 
based largely on in vitro studies. 
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INFLUENCE OF TESTOSTERONE PROPIONATE ON 
THE PLASMA AND LIVER PROTEINS 
OF HYPOTHYROID RATS* 


By JAMES H. LEATHEM 


(From the Bureau of Biological Research, Rutgers University, New Brunswick) 
(Received for publication, July 23, 1948 


Clinically a relationship between thyroid activity and blood protein 
levels has been indicated by a hyperproteinemia in myxedema (1) and is 
correlated with an increase in globulin levels (2). This relationship has 
been observed in dogs (3) and has been seen repeatedly in thyroidectomized 
rats and in rats fed antithyroid drugs (4-6). Since a decrease in weight 
of the seminal vesicles followed thyroidectomy (7) and thiourea feeding 
(8), the implication that androgen production is waning in hypothyroidism 
invited the study of testosterone propionate action in rats fed antithyroid 
drugs. These data aid in determining whether hypothyroidism or hypo- 
gonadism is of primary importance in causing the rise in plasma globulin 
associated with both conditions. Furthermore, an effect might be antici- 
pated, since androgen administration induced nitrogen retention in a cre- 
tin (9). 

Liver size and the ratio of liver protein to body weight increased after 
thiouracil feeding (10). In view of the known protein anabolic action of 
androgens (11) studies concerning liver protein in the hypothyroid state 
with and without concomitant androgen are presented. 


EXPERIMENTAL 


Male rats of the Long-Evans strain were used when 150 days old and 
were kept in metabolism cages for measurement of daily food intake. The 
rats were raised on Purina fox chow (20.1 to 23.9 per cent protein) and it 
was also fed during the experimental period. Thiourea and thiouracil,! 
were added as 0.5 per cent of the diet, and the rats fed ad libitum. Other 
groups received thiourea or thiouracil and testosterone propionate! or were 
normal rats with and without androgen, but all were pair-fed with the 
group on the goitrogic substance alone, as thiourea and thiouracil reduce 


* Supported by the Protein Metabolism Fund of the Bureau of Biological Research, 
Rutgers University, initially, and completed under a contract with the Office of Naval 
Research, Navy Department. 

'Thiouracil (deravet) was supplied by Dr. Mark Welsh, Lederle Laboratories 
Division, American Cyanamid Company, Pearl River, New York, and testosterone 
propionate (perandren, Ciba) was supplied by Dr. E. Oppenheimer, Ciba Pharmaceu- 
tical Products, Summit, New Jersey. 
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food intake. After a 20 to 27 day experimental period the rats wer 
lightly anesthetized with ether and bled from the heart. Hematocrit 
non-protein nitrogen, total plasma protein, albumin, and globulin wep 
determined. Albumin and globulin were separated by the Howe method 
(12), as modified by Robinson, Price, and Hogden (13). Nitrogen values 
were corrected for non-protein nitrogen and converted to protein by ug 
of the factor 6.25. Liver nitrogen was determined after the organ had 
been dried to constant weight at 95° and ground to uniform consistency, 


Results 


Thiourea feeding reduced food intake to an average of 273 gm. per rat 
for 20 days, as compared to the 335 gm. consumed by rats eating ad libitum, 
The reduced food intake resulted in a loss in body weight which, however, 
was greater in the thiourea-fed rats than in pair-fed controls. Testosterone 
propionate administered subcutaneously at a level of 0.1 mg. daily did not 
prevent weight loss, although this androgen caused retention of urinary 
nitrogen in men on a restricted caloric intake (14). 

Thiourea-fed rats exhibited a decrease in hematocrit and an increase in 
non-protein nitrogen, but an increase was not observed in normal rats on 
reduced food intake. Of the deviations from normal in rats fed thiourea, 
only non-protein nitrogen remained within the normal range in rats re. 
ceiving both thiourea and androgen. Total plasma protein was increased 
by thiourea, owing to an increase in concentration of plasma globulin, 
while plasma albumin levels were unaltered (Table I). The androgen had 
a tendency to reduce the elevated plasma protein levels, but the differences 
were not significant. In the normal rat on restricted food intake, the 
plasma globulin level had a tendency to be higher than in rats fed ad libitum, 
being 2.72 gm. per cent compared with 2.51 gm. per cent. Androgen ad- 
ministration reduced the plasma globulin to a normal concentration, bul 
in all cases the data are of border line significance. 

Although the daily dosage of 0.1 mg. of testosterone propionate wa 
adequate in maintaining weight of the seminal vesicles in castrated rats 
this dosage was essentially ineffective in maintaining normal plasma proteil 
levels in hypothyroid rats. It seemed advisable to repeat the entire er 














periment with 0.5 mg. of androgen daily, but the results generally dupl- 


cated the data obtained with the lower dosage. 

The possibility that a toxic action of thiourea may have masked the 
action of testosterone on the concentration of plasma protein promptel 
the use of thiouracil. Thiouracil fed at 0.5 per cent reduced food intake 
to 300 gm. per rat over 20 days, causing a modest loss in body weight, 


which was duplicated by pair-fed controls. 0.5 mg. of testosterone pm | 


pionate was used alone and in combination with thiouracil. Loss in body 
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$ were weight was not prevented by testosterone propionate, but the increase in 
.tocrit, non-protein nitrogen and the decrease in hematocrit induced by thiouracil 


n wer | ould be largely prevented by androgen administration. Thiouracil in- 
nethod | 

















values | TaBe I 
by use | Plasma Protein Concentrations in Rats Treated with Thiourea (0.5 Per Cent) and 
an had Testosterone Propionate (0.1 Mg.) 
fn ee ee ene ee 
ney. | A Treatment | watts — oe Beer A Albumin | Globulin 
scniicisinauil indeeaean me 
eS | | | 
er | | em | percont | MMP | ETL | My RT | 855 be 
rat eo | , > 20 
! a 9 | Thioures 294-256 | 40.5 | 68 6.66 3.49| 3.17 
as | +1.0f | +3.4 40.10 +0.12 +0.09 
OWEVEr, 12 “ 4 testos- | 294-259 | 41.3 60 6.41 3.38 3.02 
sterone terone propionate | +1.1 +3.2 +0.11 +0.15 +0.09 
did not | 12 | Normal, pair-fed 288-271 | 45.4 58 6.10 3.37 2.72 
urinary +0.8 +3.2 +0.07 +0.06 +0.09 
; 6 * + testos- 303-280 46.3 57 5.93 3.36 2.57 
; terone propionate +1.2 +4.0 +0.07 +0.14 +0.14 
eco TS aes a te : He 
rats on | *[nitial and final. 
hioure, | 3s te = V/Zd?2/(n(n — 1)). 
rats Te 
icreased TaBe II 
lobulin, Plasma Protein Concentrations in Rats Treated with Thiouractl (0.5 per cent) and 
aia had Testosterone Propionate (0.5 Mg.) 
) 
‘eal Each group consisted of twelve rats. 
ake, the Treatment Ra | Hematocrit —— Bn Albumin Globulin 
| Labotum, as) | S ; 
| . | 2 , p ® B 
“— om. | wre | ite | ote | nee | ete 
100, | Thiouracil 36-326 | 44.4 | 66 6.81 3.26 | 3.55 
| | +0.5 | +1.7 | 40.09 | 40.08 | 40.17 
late Was | “+ testos- | 331-317 | 46.4 | 58 6.95 3.36 | 3.59 
ted rats, terone propionate | 40.6 | 42.5 +0.10  +0.07 | 40.13 
a, proteit Normal, pair-fed | 336-315 48.7 | 56 6.04 3.19 2.85 
niweal | oe | eh. +0.11 +0.08 | +0.14 
' ‘« + testosterone | 324-312 | 49.7 | 54 6.08 3.23 | 2.85 
ly dupl- propionate | £0.79 42.7 40.08 +£0.10 | +£0.09 


sked the * Initial and final. 
prompted 
vd intake | ¢Peased plasma globulin concentrations in the absence of a change in 
y weight, plasma albumin levels (Table II), and the administration of androgen was 
-one pit without effect. The increase in plasma globulin in rats due to thiouracil 
. in body | 38 A8Sociated with an increase in a-globulin (6), and a-naphthylthiourea 
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incites a similar reaction in dogs (15). The antithyroid drugs have varia 
toxicities, and thus their action might be to stimulate the adrenal, th | 4, 
secretions of which increase serum globulin (16). The action of ani. |p 
thyroid drugs on plasma protein levels would seem to be independent ¢ | p 
adrenal excitation, however, since these compounds reduce adrenal x. | q 
tivity (17, 18). Furthermore, normal globulin levels can be maintajnaj hy 
in hypophysectomized rats with thyroxine (4), and adrenocorticotropie i 
hormone does not release globulin in these animals (19). . 

Table III reveals that thiouracil will increase liver weight significantly | jp 
without changing the percentage of water or protein. Consequently th | y. 
total liver protein in the body and the liver protein in gm. per 100 gm. ¢j 
body weight were significantly above normal. Testosterone propionate 


























TaB_e III : 
Influence of Thiouracil (0.5 Per Cent) and Testosterone Propionate (0.5 Mg.) on Livy 3 
of Adult Rats 4 
Each group consisted of seven rats. 5 
soracaeia ia a i ak aaa ——| 6 
Treatment Liver weight Water ‘anil Liver protein 7 
= — = 8. 
- per 
gm. 13 gm ber cent a any 7 Ena : 
weight So Nase , 10. 
Thiouracil 15.2 Sia} FLO 2.93 66.9 (0.887 (0.801-0. | 11. 
+0.9 | +0.3 | 0.3 | +0.13| 41.2 
“+ testos- 13.2) 4.2| 70.3| 2.63) 67.2 0.835 (0.714090 | 49, 
terone propionate +0.7 | 40.3 | 40.2 | 40.11) 41.2 13. 
Normal, pair-fed 10.9 3.3 | 70.1 2.27, 69.9 0.719 (0.652-0.7% | 14. 
+0.6 | +0.2 | +0.6 | +0.10) +1.7 
“+ testos- 10.9, 3.5) 69.9) 2.27) 70.1 0.717 (0.626-0.8% | 45 
terone propionate +0.9 | 0.3 | +0.3 | 0.13) +1.5 
ems 
was essentially without effect on the liver water or protein in thiouracl: | 1: 
fed or normal pair-fed rats. The increase in liver weight induced ly | 19. 
thiouracil was less pronounced when androgen was administered cm | 29, 
comitantly. The increase in the ratio of liver protein to body weight® | 21. 
obtained only after thiouracil feedings (10), thyroidectomy favoring live = 


atrophy (20). The thiouracil action is surprising in the wake of reduce 
food intake, since the liver can be depleted of protein quickly (21). Ti | 
increase in liver weight might also be aided by an increase in fat (22) atl 
glycogen (23), but contradictory data have also been reported regarillt 
these components in the liver (23, 18). 


SUMMARY 





Hypothyroidism induced by feeding thiourea or thiouracil resulted? 
an increased concentration of total plasma protein, plasma globulin, al! 
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non-protein nitrogen. Plasma albumin concentration was not changed, 
but the hematocrit decreased. An increase in liver size, while water and 
protein remained at normal percentages, resulted in an increased liver 
protein in the body after thiouracil feeding. Testosterone propionate in 
doses of 0.1 and 0.5 mg. daily did not alter the plasma or liver proteins of 
hypothyroid rats, except to reduce the non-protein nitrogen. The slight 
rise in plasma globulin sometimes associated with restricted food intake 
was prevented by testosterone propionate administration, and the increase 
in liver weight induced by thiouracil was less pronounced when androgen 
was administered concomitantly. 
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STUDIES ON THE STRUCTURE OF LYCOMARASMIN 


By D. W. WOOLLEY 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, July 3, 1948) 


Plattner and Clauson-Kaas (1) have isolated a substance called lyco- 
marasmin from the culture filtrates of the phytopathogenic fungus 
Fusarium lycopersici. When this organism infects tomato plants, it causes 
the leaves to wilt and curl, and this is believed to be due to the formation of 
a toxin which can be demonstrated in the intercellular spaces of the host (2). 
A similar toxin is formed by the fungus growing in synthetic medium, 
because filtrates of such cultures cause excised tomato leaves to wilt and 
curl just as they do on infected plants. The lycomarasmin which was 
isolated from these filtrates had the same powers against tomato leaves and 
represented a considerable portion of the toxic activity of the culture. 

Plattner and Clauson-Kaas (3) found that lycomarasmin was a small 
molecule of empirical formula CyHi;0;Ns, and that it yielded on hydrolysis 
two amino acids, glycine and aspartic acid. Since these constituents 
would leave only 3 carbon atoms and 1 nitrogen atom unaccounted for, and 
since mild hydrolysis led to the formation of 1 molecule of ammonia, a 
labile grouping was indicated in the molecule, and indeed, the failure of the 
toxin to give a blue color with ninhydrin, or N2 in the Van Slyke reaction 
with HNO», suggested that the unidentified 3 carbon and 1 nitrogen did 
not belong to a conventional amino acid such as alanine. The instability 
of lycomarasmin was well illustrated by the finding that heating it in water, 
or merely allowing the free acid to stand for long periods in aqueous solution, 
led to the formation of a biologically inactive compound, CsH»O7N2, which 
differed from the toxin by the elements of NH;. This latter compound was 


_ designated Substance I. Largely on the basis of these findings, a structure 
_ was proposed for lycomarasmin (Fig. 1). 


Since strepogenin had been shown to be quite probably a derivative of 
glutamic acid (4), the hypothesis occurred to us that lycomarasmin and 
strepogenin might be structural analogues in which the glutamic acid of the 
growth factor strepogenin was replaced by aspartic acid in the inhibitory 
or toxic lyeomarasmin. The occurrence of glycine in both substances (3, 5) 


_ Was interesting in this connection. Therefore, an investigation of the 
| Structure of lycomarasmin was begun in this laboratory in the hope of 





throwing light on the constitution of strepogenin. Lycomarasmin had 
been obtained in pure form, whereas strepogenin had not. 
The results of these studies do not seem to be compatible with the struc- 
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ture proposed by Plattner and Clauson-Kaas (3), which was admitted) 
tentative. In the first place, lycomarasmin can be shown to be a derivatiy 
of asparagine. If the toxin is treated with a solution of KOBr, a Hofmay 
degradation apparently occurs, and aspartic acid can no longer be found, 


HOOC —CH, CH,—NH 


HOOC —CH —NH—CO —CH,—NH—CH 
| 
COOH 


Fic. 1. Structure of lycomarasmin according to Plattner and Clauson-Kaas 


the hydrolytic products. Substance I of Plattner and Clauson-Kaas, 
the other hand, maintains its aspartic acid after treatment with hyp 
bromite. The location of the 3rd N atom thus is indicated. In the second 
place, lycomarasmin yields iodoform, whereas Substance I does not 
Therefore, the grouping 


Ret 


must be present in (or derivable from) the former but absent from the latter 
As Plattner and Clauson-Kaas (1) have indicated, no free aliphatic NH, 
group seems to be present, so that when either lycomarasmin or Substane 
I is treated with HNO, neither glycine nor aspartic acid is destroyed 
When lycomarasmin is tosylated with p-toluenesulfony! chloride in wam 
alkaline solution, a simultaneous cleavage takes place, and an ethyl acetate 
soluble tosyl derivative is formed. On careful hydrolysis this derivatiy 
yields tosylglycine and aspartic acid, from which it may be concluded that 
the tosyl derivative is probably tosylglycylaspartic acid. The unstable) 
C moiety of the toxin is probably lost during the acylation. Substance! 
apparently contains a double bond, because it adds bromine in the cold t 
give a halogenated derivative. 

In view of these facts, the structures of Fig. 2 are proposed to represett 
lycomarasmin and Substance I. The toxin thus would contain a derivative 
of the unstable amino acid, a-hydroxyalanine. This is stabilized in suchs 
way as not to lose ammonia by the replacement of 1 hydrogen atom of it 
amino group by the nitrogen-free part of a glycine residue. This new all 
unstable amino acid has been suspected to occur in another product d 
fungi, namely ergotamine, as demonstrated by Jacobs and Craig (6). 

A second motive which stimulated the work was the realization thi! 
lycomarasmin was a small molecule, composed of amino acid residues 
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with marked biological activity. It might thus serve well as a model for 
the study of some aspects of the structure and biological activities of pro- 
teins. Being a small molecule, it could be subjected to searching proof of 
structure and to chemical rearrangement of the component parts by totally 
svnthetic means much more readily than is true for the proteins. 

" The easy conversion of lycomarasmin into Substance I merely by heating 
or standing is an interesting analogy to heat-inactivation of more complex 
peptides or proteins. Thus the active toxin is converted to an inactive 
product in the reaction. If the formulation in Fig. 2 is correct, the chemical 
change in this case would involve the loss of water between the unstable 
tertiary alcoholic group and the H of the adjoining methyl group. The 


HOOC — CH—NH— CO —CH,— NH— 7 —= OF 
COOH 


Lycomarasmin 


HOOC— CH, it 
HOOC — CH—NH— CO —CH,—NH—C 


COOH 
Substance I 


Fic.2. Proposed structures for lyeomarasmin and for Substance I of Plattner and 
Clauson-Kaas. 


ammonia which is liberated during the reaction would arise by concomitant 
hydrolysis of the amide group of the asparagine residue. 

An attempt was made to synthesize lycomarasmin as represented in Fig. 2 
by the condensation of ethyl-a-acetoxy-a-bromopropionate with the methyl 
ester of glycylasparagine, followed by selective saponification of the ester 
groups. A substance was isolated from the reaction mixture which had 
approximately the theoretical amount of nitrogen for lycomarasmin. 
Furthermore, its biological activity in causing wilting and curling of tomato 
leaves was equal to that of lycomarasmin. However, too much weight 
cannot be given this latter finding, because, as will be shown in a subsequent 
paper, several substances closely related to lycomarasmin possess biological 
activity. The difficulty in establishing beyond question the identity of the 
synthetic product with lycomarasmin was that the proposed structure con- 
tained 2 asymmetric carbon atoms, and although optically active asparagine 
Was used in the synthesis, the bromoacetoxypropionate was racemic. The 
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rather unstable nature of this compound prevented adequate purification g 
resolution. Therefore, the synthetic product must have been a mixture ¢ 
diastereomers, and this probably explains the observed fact that th 
synthetic substance was more soluble in water than was the natural prodye 


EXPERIMENTAL 


Source of Material—Crystalline lycomarasmin and Substance I wep 
isolated according to the directions of Plattner and Clauson-Kaas (1) frop 
3 month-old culture filtrates of Fusarium lycopersici. A transplant of thi 
organism was very kindly supplied by Dr. G. W. Irving, Jr., of the Unite 
States Department of Agriculture. The substances agreed well in qj 
physical properties with those described by Plattner and Clauson-Kagg, 


Amino Acid Composition of Lycomarasmin and Substance I—In order ty | 


ascertain whether glycine and aspartic acid were the only amino acids lip. 
erated on acid hydrolysis of lycomarasmin and Substance I, 5 mg. samplg 
were digested in sealed tubes with 22 per cent HCl at 115° for 20 houn 
The hydrolysates were concentrated to dryness under reduced pressur 
dissolved in water, again concentrated, and finally dissolved, neutralize 
and adjusted to 5 cc. These preparations were then partitioned on pape 
strips according to the directions of Consden, Gordon, and Martin (7) 
With either butanol or with phenol as the organic phase, only two colored 
zones, corresponding to the positions of glycine and aspartic acid, wer 
found. Quantitative estimation of the amounts of these two amino acids 
by microbiological methods was not satisfactory because of the grest 
difficulty experienced in obtaining complete hydrolysis. As the rigor of the 
treatment was increased, the yield of amino acids went up, so that with the 
conditions outlined in the paragraph above, almost twice as much of both 
amino acids were found as with hydrolysates prepared by refluxing with? 
per cent HCl overnight. Even with the more vigorous hydrolysis, Sub 
stance I yielded values of 30 per cent for aspartic acid and 17 per cent for 
glycine. Theory, 51 and 29. The aspartic acid was estimated by the 
method of Hac and Snell (8). At the time these experiments were being 
performed, no microbiological method for the determination of glycine hal 
been published, but a satisfactory one was devised by use of the same orgal- 
ism and basal medium as were employed for the aspartic acid determinatio. 
Glycine was omitted and aspartic acid was added to the stock solutions 
In addition, 0.1 mg. of an acid hydrolysate of casein was added per tube 
The use of the organism was suggested by Dr. M.S. Dunn, who has sine 
published a similar method for the microbiological assay of glycine () 
Despite the difficulty of obtaining complete liberation of amino acids from 
the peptides lycomarasmin and Substance I, the molar ratio of aspatti 
acid to glycine in the hydrolysates was 1:1. 
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Hofmann Degradation of Lycomarasmin and of Substance I to Demon- 
strate Presence of Substituted Asparagine in Former—2.5 mg. samples of 
lycomarasmin and of Substance I were dissolved in 2.5 cc. of water at pH 
7, and the solutions were cooled to 0° and mixed with a cold solution of 100 
mg. of bromine in 2 cc. of N KOH. The reaction was allowed to proceed 
for half an hour at 0°, and then for an hour at 40°. A slight excess of HCl 
was added, and the solutions were evaporated to dryness under reduced 
pressure. The residues were taken up in 22 per cent HCl, hydrolyzed, 
and assayed for aspartic acid. At the same time, controls were run in 
which the KOH but not the bromine was used. 

Under these conditions, no aspartic acid was found in the reaction product 
from lycomarasmin, while that from Substance I retained about 75 per cent 
of this amino acid. When asparagine and aspartic acid were treated with 
KOBr in the same fashion, all of the former and about a third of the latter 
were destroyed. 

Iodoform from Lycomarasmin—25 mg. of lycomarasmin were dissolved in 
2c. of 2N NaOH, and the solution was treated with iodine dissolved in 15 
per cent aqueous KI until a yellow color persisted. The mixture was then 
warmed to 60° for a few minutes. During the warming, a yellow precipi- 
tate formed, and the odor of iodoform was plainly discernible. The precipi- 
tate was found to consist of yellow, hexagonal plates which melted at 119°. 

When 100 mg. of Substance I were tested in the same fashion, no evidence 
of iodoform was obtained. 

Failure to Destroy Glycine or Aspartic Acid by Treatment of Lycoma- 
rasmin with HNO2—20 mg. of lycomarasmin dissolved in 1 ce. of water plus 
3 cc. of glacial acetic acid were treated with 35 mg. of NaNO: dissolved in 
2 ce. of water. After a reaction time of 0.5 hours had elapsed, excess re- 
agents were destroyed by evaporation under reduced pressure and by 
addition of 40 mg. of alanine. Hydrolysis and estimation of glycine and 
aspartic acid were carried out as indicated earlier, and 4.8 mg. of the former 
and 7.2 mg. of the latter were found. A control in which the NaNO, was 
omitted was found to yield the same values. Therefore, the amino groups 
of glycine and of aspartic acid were not free in lycomarasmin. 

Control experiments showed that under these conditions, both free 
glycine and free aspartic acid were so altered by HNO, as not to be deter- 
minable in the assays. Furthermore, it was observed that HCl could not 
be used successfully in place of acetic acid in the complete deamination of 
these substances. 

Isolation of Tosyl Glycine by Tosylation and Subsequent Partial Hydroly- 
sis of Lycomarasmin—200 mg. of lycomarasmin were dissolved in water at 
pH 7, and 12 cc. of 1 N NaOH were added and the mixture heated to 70°. 
1 gm. of p-toluenesulfonyl chloride was added, and the suspension was 
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shaken until the acid chloride had disappeared (about 5 minutes). The 
cooled, acidified reaction mixture was extracted six times with ethyl acetate. 
and the extract was freed of solvents under reduced pressure. The material 
so obtained was a water-soluble substance which could not be crystallized. 
It was, therefore, dissolved in 13 ec. of 0.56 N HCI and 13 ec. of formic acid, 
and the solution was refluxed for 48 hours. The solvents were removed 
under reduced pressure, and the residue taken up in 5 cc. of water. 4 
crystalline precipitate was removed and the aqueous phase was extracted 
four times with ethyl acetate. The extracted material was combined with 
the crystals and the whole recrystallized from water to yield 73 mg. melting 
at 142°, the same as did tosylglycine. 


CsHiO.NS. Calculated, C 47.2, H 4.8, N 6.1; found, C 47.2, H 4.9, N 61 


The aqueous phase from the hydrolysate was assayed for aspartic acid 
and found to contain 51 mg. of it. It seemed probable that a 3 carbon 
moiety was cleaved under the conditions of the acylation, and that the oily 
product subsequently extracted by ethyl acetate was largely tosylglycyl- 
aspartic acid. 

Synthesis of Substance with Biological Activity and Several Other Properties 
of Lycomarasmin. (a) Ethyl-a-acetoxy-a-bromopropionate—6.6 gm. of acetyl- 
lactic acid and 2 gm. of red phosphorus were treated dropwise, with stirring 
and cooling, with 16 gm. of bromine. After the rather vigorous reaction, 
with evolution of HBr, had subsided, the mixture was allowed to stand over- 
night. Excess bromine and HBr were removed under reduced pressure, 
and 100 cc. of cold water were added. The free acid was extracted with 
ether, and the solvent was removed from the extract under reduced pres 
sure. The yellow, oily product (7.7 gm.) could not be purified further 
because of its tendency to decompose. It showed a neutral equivalent of 
191, whereas theory for a-acetoxy-a-bromopropionic acid was 211. hh 
order to determine whether any of the desired substance was present, 24 
mg. were dissolved in 5 ce. of 1 N NaOH and held at 90° for 1 hour. Acidif- 
cation, extraction of the acids, and preparation of the p-nitrophenyl 
hydrazone gave the characteristic derivative of pyruvic acid which melted 
at 210-213°. Hydrolysis of the acetyl group of a-acetoxy-a-brome 
propionic acid should lead to an unstable intermediate which, by loss d 
HBr, should yield pyruvic acid. 

The ethyl ester was prepared by allowing the acid to stand in a large 
excess of absolute alcohol for 3 months at 4°, but a better procedure was to 
add 20 ce. of absolute alcohol to the reaction mixture directly after the 
bromination before any moisture was admitted. The crude ester was then 
collected in ether, washed with water, dried, and freed of solvents and 
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volatile impurities 7 vacuo. The product was a neutral yellow oil which 
slowly liberated acid on exposure to water. 

(b) Condensation with Methyl Ester of Glycylasparagine—4 gm. of the 
above bromo ester, dissolved in 10 ce. of absolute methanol, were added to a 
methanol solution of the methyl ester of glycylasparagine which had been 
prepared from 3.8 gm. of free glycylasparagine.t The mixture was brought 
to pH 8 with sodium methoxide, concentrated to 20 cc., and allowed to 
stand overnight at room temperature. 10 cc. of aqueous 4 N NaOH and 30 
cc. of methanol were added, and after 1 hour excess alkali was neutralized 
with acetic acid. A solution of 10 gm. of barium acetate in 100 ec. of water 
was added, and the concentration of methanol was adjusted to 70 per cent. 
The barium salts were allowed to separate overnight in the cold, and they 
were then collected, washed, and dissolved in 150 ec. of water and reprecipi- 
tated with 450 cc. of methanol. They were finally dissolved in water, freed 
of barium ion exactly with sulfuric acid, and the solution so obtained was 
concentrated under reduced pressure below 40° to a small volume. Addi- 
tion of alcohol produced a white precipitate, which was allowed to form for 
several days in the cold and was then collected and washed. 410 mg. of 
substance were obtained which were purified by solution in water and 
reprecipitation with alcohol. 


C,H,;07;N3. Calculated, N 15.2; found, N 15.5 


One-third of the nitrogen was amide nitrogen which was liberated as 
ammonia during hydrolysis with 1 N HCl. Found, 5.25; calculated, 5.07. 
The substance gave many of the reactions shown by lycomarasmin, such as 
the iodoform test and the formation of a white, highly insoluble precipitate 
when the dry material was suspended in 1 N NaOH. It was an acid which 
dissolved readily in NaOH and did not give this white precipitate if a large 
excess of alkali was avoided. The material differed from natural lyco- 
marasmin in that it was more soluble in water. Distinctive derivatives of 
lyeomarasmin are lacking, so that precise comparison was not possible. 
The synthetic substance had the same biological potency as natural lyco- 
marasmin, whereas glycylasparagine and glycylaspartic acid gave no effect 
at 25 times the concentration. 


'This ester was prepared by suspending 3.8 gm. of glycylasparagine in 50 cc. of 
anhydrous methanol which was then saturated with dry HCl. 100 cc. of methanol 
were added and the mixture was held at 4° for2days. The solvent was then removed 
under reduced pressure at 4° and excess HCl was eliminated by several additions of 
methanol, followed by distillation under reduced pressure. The product was then 
dried in a vacuum desiccator over KOH. The free ester was obtained by suspension 
of the hydrochloride in methanol and addition of the theoretical amount of sodium 
methoxide dissolved in methanol. Sodium chloride was removed by filtration. 
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Biological Assay with Tomato Leaves—The synthetic substance wag 
assayed for ability to cause wilting and curling of excised tomato leaves 
and it was found that 0.2 mg. per 7 cc. of test medium was the minima] 
effective amount. Lycomarasmin showed the same value in a series of 
parallel assays. The conditions of the test were those described by 
Clauson-Kaas et al. (1,2). In order to improve the accuracy of the test, it 
was found important to select leaves of uniform size and age and to conduct 
the experiments in a room provided with controlled illumination and with 
constant temperature and humidity (50 per cent). Graded 2-fold dilutions 
of the material under test were supplied to the leaves, and the results were 
read after 40 hours. Severity of wilting and curling was then judged, and 
the minimal effective dose which would just cause detectable alteration of 
the leaves was taken as the end-point. Activity was not estimated solely 
by the minimal effective dose, but rather by the responses to larger amounts 
as well. The synthetic and natural products seemed to be equal in potency, 


SUMMARY 


Lycomarasmin, a tomato leaf-wilting toxin isolated by Plattner and 
Clauson-Kaas from culture filtrates of the phytopathogenic fungus Fusa- 
rium lycopersici, has been studied in an effort to arrive at a satisfactory 
chemical structure for it. This small, peptide-like toxin, of empirical 
formula CyH,;0;N3, which yielded glycine and aspartic acid on hydrolysis, 
was shown to be a derivative of asparagine. Thus the 3rd N atom, which 
had previously not been assigned position, was located. Because of the 
reactions which lycomarasmin underwent, a structural formula for it was 
proposed which contained the new amino acid, a-hydroxyalanine. This 
was attached by a common nitrogen atom (7.e., the amino group) to the 
amino group of glycylasparagine. A synthetic product was isolated from 
the reaction of ethyl-a-acetoxy-a-bromopropionate and the methyl ester of 
glycylasparagine, which had properties in common with lycomarasmin, 
including quantitatively the same biological activity. Some reasons were 
advanced for regarding lycomarasmin as a much simplified model d 
proteins. 
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SYNTHESIS AND DETERMINATION OF LYCOMARASMIN 
ACTIVITY OF SOME DERIVATIVES OF ASPARTIC ACID 


By D. W. WOOLLEY* 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, August 6, 1948) 


Since the phytopathogenic toxin of Fusarium lycopersict, first isolated by 
Plattner and Clauson-Kaas (1), has been shown by Woolley (2) probably 
to have the structure of N-(a-(a-hydroxypropionic acid))-glycylasparagine, 
the synthesis and determination of the activity of a number of closely 
related compounds became of interest. Not only would such a study add 
to our knowledge of the relationship of structure to biological activity, but 
more especially it would allow investigation on a much simplified scale of 
some problems concerned with the specific activities of proteins. Since 
lycomarasmin is a very small peptide with marked activity, the determi- 
nation of how its biological properties are altered by rearrangement of the 
constituent amino acids, or by substitution of new groups, might serve as a 
useful starting point for understanding of similar phenomena connected 
with the specificity of protein action. Therefore, a number of new com- 
pounds related to lycomarasmin, as well as some previously known ones, 
have been prepared and tested for their ability to cause wilting and curling 
of excised tomato leaves. Their potency in this regard has been compared 
with that of the natural toxin. 


EXPERIMENTAL 


Sources of Known Compounds—Lycomarasmin was isolated from culture 
filtrates of Fusarium lycopersict according to the directions of Plattner and 
Clauson-Kaas (1). Aspartic acid, asparagine, serine, glycine, and glu- 
tathione were commercial samples. Pyruvylglycine was made according to 
the directions of Bergmann and Grafe (3), and glycylaspartic acid and 
glycylasparagine by modifications of published methods (4). These modifi- 
cations were the use of excess of aspartic acid or of asparagine in the re- 
actions with chloroacetyl chloride, and the removal of traces of chloride 
ions from the glycyl compounds with silver acetate. By using an excess of 
the amino acid during the acylation, contamination of the product with 
chloroacetic acid was minimized. The chloroacetylaspartic acid was ex- 
tracted into ethyl acetate from aqueous solution, and then readily crystal- 
lized. The chloroacetylasparagine was not extractable with this solvent, 
so that the reaction mixture was first purified by removal of ethyl acetate- 


* With the technical assistance of R. Brown and A. Holloway. 
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soluble matter and then by evaporation of the aqueous phase and solution 
of the desired product in acetone. It was finally purified by crystallization 
according to published methods. Syntheses of serylglycylaspartie acid, 
serylglycylglutamic acid, glycylserylglutamic acid, and alanylglycylgly. 
tamic acid have been described previously (5, 6). Serylglycylaspartie 
acid was a diastereomeric mixture prepared from DL-serine and L-aspartie 
acid. In addition, a sample was made from DL-serine and DL-aspartic aeid 
in order to compare the relative potencies of the two pairs of isomers, 

Glycylserylaspartic Acid—Tosylglycyl-pL-serine azide was coupled with 
diethyl-L-aspartate, and the free peptide was formed in the manner de. 
scribed for the isomeric serylglycylaspartic acid (6). 


CoHis07N3. Calculated, N 15.2; found, N 15.0 


The product was a mixture of diastereomers, since DL-serine had been used, 

Glycylaspartylserine. (a) Chloroacetylaspartylserine—Chloroacetyl-.-as- 
partic acid was converted to the anhydride by dissolving 16.8 gm. of it in 
100 cc. of acetic anhydride and refluxing the solution for 2 minutes. It was 
then concentrated under reduced pressure to a sirup, which was caused to 
crystallize by addition of 10 ec. of dry chloroform. Precipitation was com- 
pleted by further addition of 50 cc. of absolute ether. The anhydride so 
obtained was converted to the monoethyl ester by dissolving it in 50 ce. 
of hot absolute ethanol, cooling, and allowing the solution to stand for 24 
hours at room temperature. The monoester was purified by removing the 
alcohol under reduced pressure, dissolving the oily residue in absolute ether, 
and extracting the latter solution with 150 cc. of ice-cold 5 per cent aqueous 
NaHCO; solution. The acidic half-ester in the aqueous phase was quickly 
liberated with 1 equivalent of HCl and extracted into fresh ether. This 
ether extract was then dried rapidly with MgSOu,, filtered, and freed of 
solvent under reduced pressure. It was thus secured as 8.9 gm. of a color. 
less oil. By analogy with the behavior of the corresponding tosyl deriva- 
tive (7), it was probably mainly the a, rather than the 8 ester. 

The chloroacetylmonoethylaspartate obtained as described above was 
dissolved in 100 ec. of absolute ether and treated with 9.0 gm. of PCl; for 
about 30 minutes. The clear solution was then decanted, and the ether 
was removed under reduced pressure at low temperature. The POCI; was 
extracted from the residue with cold (—10°) dry petroleum ether, where 
upon the acid chloride crystallized as large rosettes. Without further 
purification, it was suspended in 100 cc. of absolute ether, and to the solu- 
tion were added 5.2 gm. of pt-serine dissolved in 60 cc. of ice-cold 1 N NaOH. 
The mixture was shaken vigorously and maintained faintly pink to phe 
nolphthalein by frequent additions of cold 4N NaOH. The reaction was 
allowed to proceed for an hour in the cold, and then the mixture was acidi- 
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fied to pH 2.5 with HCl, and the ether layer was discarded. The aqueous 
phase was extracted four times with ethyl acetate, and the extracts were 
discarded. The desired product was then obtained by extracting the 
aqueous layer five times with butanol, and the combined extracts were 
dried with silica gel, filtered, and washed twice with 10 ce. of water. The 
peptide was then extracted into aqueous solution with enough NaOH to 
give a final pH of 7. Mild alkaline hydrolysis of an aliquot of this solution, 
followed by back titration, showed that some ethyl ester of the required 
peptide probably still remained mixed with the free acid. Therefore 10 cc. 
of 1 N NaOH were added, and, after 1 hour, this was acidified with 1 equiv- 
alent of HCI. The reaction mixture was then concentrated under reduced 
pressure at a temperature not above 30° to a small volume and treated with 
10 volumes of acetone. The acetone-soluble portion yielded 3.5 gm. of an 
oil, which was caused to crystallize by cautious addition of ether. 


Cy Hj3:07N2Cl-H20. Calculated, N 8.9; found, N 8.9 


(b) Glycylaspartylserine—3.5 gm. of the compound just described were dis- 
solved in 250 ec. of concentrated aqueous ammonium hydroxide, and after 
the solution had stood 3 days at room temperature, it was concentrated 
under reduced pressure to about 10 cc. and treated with 200 cc. of absolute 
ethanol. The solid which was thus produced was centrifuged and washed 
with aleohol. In order to free it of chloride ions, it was dissolved in water, 
treated with an excess of silver acetate, and the filtrate from the mixture 
was freed of silver ions with H2S. When the concentrated aqueous solution 
of the product was treated with alcohol, a flocculent precipitate (2.1 gm.) 
was formed, which was too high in N to be the desired tripeptide. There- 
fore, it was dissolved in water, brought to pH 8 with barium hydroxide, 
and the barium salt was crystallized by addition of 2 volumes of methanol. 
When barium ions were exactly removed from this insoluble salt with sul- 
furic acid, the free peptide was precipitated as a white powder when alcohol 
was added to a concentrated aqueous solution of it. 


C oH1;07N;. Calculated. N 15.2, aspartic acid 48 
Found. ¢) 35.1, " ae 


Aspartic acid was estimated microbiologically according to the directions 
of Hac and Snell (8), following acid hydrolysis of the peptide. 
Acetyllactylglycylasparagine—9.5 gm. of glycyl-L-asparagine, prepared as 
indicated above, were acylated in cold, alkaline aqueous solution with an 
ether solution of 15 gm. of acetyllactyl chloride. The conditions of the 
condensation were like those described in the preceding section for the 
acylation of serine.’ After a reaction time of 1 hour, the mixture was acidi- 
fied to pH 2.5 with HCl, and the aqueous phase was extracted three times 
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with ether and three times with ethyl acetate. The extracts were discarded | 


and the aqueous phase was concentrated under reduced pressure, and below 
40°, toasirup. This was extracted with 500 cc. of acetone, and the soluble 
portion was concentrated to a thin sirup which was extracted with a fey 
cc. of acetone. This operation caused the separation of a gummy precipi. 
tate which was collected and dissolved in 40 cc. of methanol. When chlor. 
oform was added to this solution, crystallization began. A yield of 138 
gm. of hygroscopic, large crystals was obtained. 


Cy Hi707N3. Calculated, N 13.9; found, N 13.9 


This compound was prepared as a starting material for the synthesis of 


pyruvylglycylasparagine, for it was hoped to remove the acetyl group by | 


mild alkaline hydrolysis and then to oxidize the secondary alcohol tog 
ketone. Although the cleavage of the acetyl group seemed to proceed 
readily at room temperature in a slight excess of aqueous NaOH, the 
product obtained was amorphous and very hygroscopic. For these reasons 
a satisfactory preparation could not be made. Attempted oxidation of the 
hydrolyzed product with Fenton’s reagent for the formation of the pyruvyl 
compound gave no desired substance which could be purified satisfactorily, 

a,a-Diacetaminopropionylglycylasparagine—8.5 gm. of the azlactone of 
a,a-diacetaminopropionic acid (3) were suspended in 150 cc. of cold aleohol 
and immediately mixed with an ice-cold solution of 9.5 gm. of glycyl- 
asparagine in 52cc.of 1N NaOH. The resulting solution was kept at room 
temperature for 30 minutes and then acidified with 1 N H.SO, equivalent 
to the NaOH used, and concentrated under reduced pressure to dryness 
below 40°. The residue was dried by adding 100 ce. of absolute alcohol 
and again concentrating it under reduced pressure. It was then extracted 
with 400 ec. of boiling ethanol, and the mixture was filtered hot. A slight 
precipitate which formed when the filtrate was cooled was discarded, and 
the alcoholic solution was concentrated under reduced pressure to about 
30 ce. and treated with 100 cc. of ethyl acetate. 10 gm. of the product 
crystallized, and this was recrystallized by adding ethyl acetate to an al- 
coholic solution. The purified material sintered at 140° and melted at 
185-187°. 

CisH207Ns. Calculated. C 43.5,H 5.9, N 19.5 
Found. fe Gi" 19.0 


The neutral equivalent was 370, while the calculated value was 359. 
a-Hydroxry-a-acetaminopropionylglycylaspartic Acid—1 gm. of diacetam- 
inopropionylglycylasparagine was dissolved in 100 cc. of 0.2 n HCl, and 
the solution was refluxed for an hour and cooled. It was then adjusted to 
pH 8 with barium hydroxide, treated with 3 volumes of methanol, and kept 
in the cold overnight. The precipitate which had formed was collected and 
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washed well, and then dissolved in water for the exact removal of barium 
ions with sulfuric acid. The resulting aqueous solution was concentrated 
under reduced pressure below 40° to a sirup, which was extracted with 
alcohol in order to free it of pyruvylglycylaspartic acid (75 mg.). The 
aleohol-soluble portion was freed of solvent, dissolved in water, and adjusted 
to pH 8 with barium hydroxide. The addition of 2 volumes of methanol 
and storage in the cold produced a network of crystals, and these were col- 
lected, washed, and dried; yield, 264 mg. 
CiH1O:N:Ba-H,0. Calculated. C 28.0, H 3.6, N 8.9, Ba 29.2 
Found. * 20.2. °° 3.4, &.4, © Si 
The water of hydration was not proved to exist by analysis. Although the 
analytical results indicated that the salt was not pure, the ratios between 
the elements showed clearly that a barium salt of a dibasic acid was the 
major component. The free acid was regenerated by solution of the salt 
in water and addition of an exact equivalent of H.SOy. The aqueous solu- 
tion was freed of BaSO, and allowed to evaporate slowly in a desiccator over 
KOH. After many days, crystals were obtained which melted at 119-120°. 


C,,H1703N3. Calculated. C 41 my H 5:3; N 13.2 
Found. 42:02" G:bo* 33.0 


The crystals were relatively unstable and became oily when stored at room 
temperature for several months, possibly due to dehydration of the alco- 
holic group. 

This substance as it was obtained in this work was quite probably a mix- 
ture of diastereomeric compounds, because, during the hydrolysis, a new 
asymmetric carbon atom was produced. Since the aspartic acid residue 
was optically active, the appearance of a second asymmetric center should 
give a mixture of two isomers, and these may not have been separated dur- 
ing the purification. No special attempt was made to part this mixture. 

The question may well be raised as to whether the tertiary alcoholic 
group actually was present in the propionic acid residue of this substance, 
or whether it had been eliminated as water, leaving an acrylic acid residue. 
Although there was no direct evidence on this point, the analytical values 
agreed better with the postulate that the hydroxyl group remained than 
with the idea of an acrylic acid compound. The high lycomarasmin activ- 
ity of the compound (which will be described below) fitted into the belief 
that the hydroxy] still remained, because such a structure would contain 
the substituted a-hydroxyalanine residue which is found in lyeomarasmin 
(2). 

Pyruvylglycylaspartic Acid—As has already been indicated, this com- 
pound was obtained in small yield as an alcohol-insoluble by-product during 
the preparation of the previously described substance. It was isolated in 
greater amounts by increasing the rigor of the hydrolysis. Thus, 1 gm. of 
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a,a-diacetaminopropionylglycylasparagine in 100 cc. of 1 x H,SO, Was 
heated to 100° for an hour, and the barium salts insoluble in 75 per cen; 
methanol were taken and freed of barium in the usual fashion. Concen. 
tration of the aqueous solution of the free acid to a sirup, followed by addi. 
tion of alcohol, gave crystals which were purified by solution in NaOH g 
pH 7 and acidification with 1 equivalent of HCl. The substance was Spar- 
ingly soluble in water or in alcohol, but when impure it crystallized from 
these solvents only very slowly. 


CsHi207;N2. Calculated, N 10.7; found, N 10.8 


The neutral equivalent was found to be 126, whereas the theoretical valye 
was 130. 

This compound was isomeric with the degradation product of lycomaras. 
min which Plattner and Clauson-Kaas (1) have described as Substance | 
The rather close resemblance of pyruvylglycylaspartic acid to Substance 
I led us to consider them to be identical until subsequent work, especially 
with the iodoform reaction (2), showed this not to be true. 

a,a-Diacetaminopropionylglycylaspartic Acid—This compound was pre. 
pared from glycyl-L-aspartic acid in a manner analogous to that described 
previously for the corresponding asparagine derivative. It sintered at 103° 
and melted at 160-165°. 


Ci;H2OsN,y. Calculated, N 15.6; found, N 15.4 


By mild acid hydrolysis this compound was converted into pyruvylglycyl- 
aspartic acid, which was the same as that from a,a-diacetaminopropiony|- 
glycylasparagine. 

Method of Biological Testing with Tomato Leaves—Assays for activity in 
causing excised tomato leaves to wilt and curl were conducted in a manner 
already described for lycomarasmin (1, 2). The reproducibility of the 
results of the test was increased materially by attention to the details al- 
ready enumerated (2), particularly the use of leaves of uniform age and siz 
and the maintenance of constant humidity. Graded dilutions of each sub- 
stance to be tested were mixed with FeCl; (final concentration 0.1 mg. per 
7 ec.), and each dilution was tested on several individual tomato leaves. 
All potencies were estimated relative to that of natural lycomarasmin, and 
therefore, in each assay, a series of dilutions of this standard was included. 
The pH of all solutions was adjusted to 7 before the leaves were exposed to 
them. 

The activity of each substance tested was judged by noting the minimal 
concentration which would just cause detectable wilting or curling ins 
majority of the leaves, and also by judging the amount which would caus 
maximal effect. In doing these estimations some errors of judgment occu, 
because even with lycomarasmin, a single concentration may cause mort 
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+ to ++-++4, by taking into account the extent of wilting, of curling and 
shriveling, and of obvious necrosis. Between the extremes of + and 
++-+-+ there was a range in which graded amounts produced grade 
severity of change in the leaves. This is illustrated by the data in Table] 
The ratings of individual leaves in a group exposed to the same conegy. 
tration of a substance were usually in good agreement. The values for the 
activity of a compound could be duplicated by subsequent assays withip 
a factor of 2. Frequently identical values were found in such duplicate 
determinations. 

Lycomarasmin Activity of Various Compounds—The lycomarasmin actiy. 
ity of a number of substances was determined in the manner just indicated 
and the results are summarized in Table II. 


DISCUSSION 


Among the compounds tested, it is evident that small changes in the 
nature of the amino acid residues had a greater influence on activity than 
did slight changes in the position of these residues. In general, even minor 
changes in the amino acid composition affected potency very much, while 
considerable alteration in the manner of linkage of the amino acids usually 
had a minor influence. Lycomarasmin may be viewed as a substance con- 
taining 3 amino acid residues; v7z., those of asparagine, glycine, and a-hy- 
droxyalanine. When these three components were maintained, but rear- 
ranged so that the a-hydroxyalanine was attached to glycine in a peptide 
linkage rather than by a common nitrogen atom (as is the case in lyeo- 
marasmin), a relatively active compound, a-hydroxy-a-acetaminopr- 
pionylglycylaspartic acid, was realized, even despite the fact that it wasa 
derivative of aspartic acid rather than of asparagine, and that its amino 
group was covered with an acetyl radical. However, when the amino acid 
nature of this substance was changed by moving the hydroxy] to the § 
position, as in serylglycylaspartic acid, the activity was diminished appre 
ciably. Furthermore, when the change was greater and the amino group 
eliminated, as in acetyllactylglycylasparagine, the resulting compound was 
much less active than lycomarasmin. The acetyl group in the acetyl 
lactylglycylasparagine did not seem to be particularly inimical to potency, 
because removal of it by mild alkaline hydrolysis did not greatly increase 
the biological activity. The relative potencies of serylglycylaspartic acid 
and of serylglycylglutamic acid throw more light on the effect of changing 
slightly the amino acid composition. The mere introduction of a CH; 
grouping in passing from aspartic to glutamic acid was enough to reduce 
the potency of the compound. Other similar examples may be seen from 
the data in Table II. 

In considering what features of the lycomarasmin molecule may be 
responsible for its biological activity, one should note two points from this 
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study. The first is that in the three pairs of similar compounds which 
differed only in that one of the set was an aspartic acid derivative while the 
other was from asparagine, the asparagine compounds were slightly more 
active. The second is the rise and fall of activity as one passed, by partial 
hydrolyses, from diacetaminopropionylglycylasparagine, through a-hy- 
droxy-a-acetaminopropionylglycylaspartic acid to pyruvylglycylaspartic 
acid. Maximal potency was displayed in this series by the compound 
containing an a-hydroxyalanine residue. It will be remembered that 
lycomarasmin contained both an asparagine and an a-hydroxyalanine 
residue, while inactive Substance I obtained from it by heating, possessed 
neither. 

The effect of changing positions of the amino acid residues may be studied 
in one of its aspects from the results with the three peptides containing ser- 
ine, glycine, and aspartic acid. Serylglycylaspartic acid and glycylseryl- 
aspartic acid were approximately of the same activity. However, glycyl- 
aspartylserine was inactive. One may argue that the placing of a serine 
residue on the 8-carboxyl group of aspartic acid has blocked the possibility 
of amidation to asparagine which might take place in the leaves during the 
test, but nevertheless the inactivity of this position isomer should serve to 
show the dangers and limitations of generalizations about the relative effects 
of changing composition compared to altering arrangement of the amino 
acid residues. Many sorts of isomers must be examined before the question 
can be answered, even for a simple peptide such as lycomarasmin. 

The results with the two preparations of serylglycylaspartic acid, one 
made from L-aspartic acid and the other from the DL isomer, would tend to 
suggest that optical configuration is not a crucial matter in lycomarasmin 
activity. Although the two preparations were admittedly mixtures of 
diastereomers, which may have been partially separated during the puri- 
fication procedures, the results were essentially the same when the assays 
were performed on the crude reaction mixtures of the synthesis, before any 
purification had taken place. 

The large number of substances which showed some ability to wilt and 
curl tomato leaves must raise a question about the specificity of the test for 
lyeomarasmin. In our experience, almost any substance, even NaCl or 
NH,Cl, will cause some wilting of the leaves if the concentration is high 
enough. This is probably due to disturbances of osmotic pressure, or to 
other changes, and not to those effects associated with the action of lyco- 
marasmin. Giumann and Jaag (9) have examined the characteristics of 
the alterations in leaves attributable to the toxin and have compared them 
to those found in leaves wilted from other causes. However, at present no 
way of improving the specificity of the lycomarasmin test seems evident. 


‘ Both members of the pair glycylasparagine and glycylaspartic acid were so little 
active as to make their contribution to this point questionable. 
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Possibly one qualitative aid might be the extensive and severe character af 
the changes elicited by the toxin in comparison to those of substances such 
as glycine or aspartic acid. In these latter cases the production of blac 
necrotic spots and the drying and shriveling of the leaf edges were not ey, 
dent as they were with lycomarasmin and with the more active compounds 
studied in this investigation. The interpretation to be placed on the actiy. 
ities of compounds less than 5 per cent as effective as lycomarasmin mys 
be open to grave doubts. In fact, the biological relationship of any of th 
substances to the natural toxin will remain open to question until a mop 
specific test can be evolved. 


SUMMARY 


A number of new derivatives of aspartic acid and of asparagine have bee 
prepared in order to examine the effects of various structural changes on | 


the activity of lycomarasmin, which is a peptide derived from asparagine, 
glycine, and probably a-hydroxyalanine. Thus, glycylserylaspartic acid, 
glycyl-8-aspartylserine, acetyllactylglycylasparagine, a,a-diacetaminopr 
pionylglycylasparagine, the corresponding aspartic acid compound, ¢ 
hydroxy-a-acetaminopropionylglycylaspartic acid, and pyruvylglycyls. 
partic acid were synthesized. These, along with known compounds such 
as glycylaspartic acid, glycylasparagine, aspartic acid, asparagine, glycine, 
serine, pyruvylglycine, serylglycylaspartic acid, serylglycylglutamic acid, 
and glutathione, were compared with lycomarasmin for ability to caus 
excised tomato leaves to wilt and curl. Several of the peptides wer 
somewhat less active in this respect than was lycomarasmin, but one df 
them, a-hydroxy-a-acetaminopropionylglycylaspartic acid, was about equal 
to the natural toxin in activity. Some produced no detectable effect. 
Comparison was made of the relative effect on activity of changing the 
position of an amino acid in a peptide with that of altering the nature of the 
amino acid. From the limited data, changes in position seemed to affect 
potency less than replacement by a new amino acid, but the limitations 
the argument were recognized. The specificity of the biological test was 
also discussed. 
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THE INFLUENCE OF PTEROYLGLUTAMIC ACID ON NUCLEIC 
ACID SYNTHESIS IN LACTOBACILLUS CASEI* 


By W. H. PRUSOFF, L. J. TEPLY, anno C. G. KING 
(From the Department of Chemistry, Columbia University, New York) 


(Received for publication, July 24, 1948) 


Several findings reported in the literature point toward a functional 
relationship between pteroylglutamic acid (PGA, vitamin B., folie acid) 
and the synthesis of certain constituents of nucleic acids, but the related 
specific reactions have not been identified. Snell and Mitchell (1) ob- 
served that thymine plus a purine base could partially replace PGA for 
Streptococcus faecalis R in a medium similar to that used by Snell and Peter- 
son (2) in their report on the Lactobacillus casei factor. Stokstad (3) 
observed a similar relationship for Lactobacillus casei, but only about one- 
half maximum acid production could be induced by the substituted nutri- 
ent. Stokes (4) suggested that PGA may “function as a coenzyme for the 
enzyme system responsible for the synthesis of thymine (or more probably 
a thymine-like compound) which, in turn, is used by the bacteria to form 
nucleic acid.” 

Observations by others, however, suggested that PGA is not involved 
directly in the synthesis of thymine. Hitchings, Falco, and Sherwood (5) 
studied the effect of pyrimidine derivatives on Lactobacillus caset. The 
organism was inhibited by 5-bromouracil when grown in media containing 
thymine, but was not inhibited in the presence of PGA. In contrast, 
5-nitrouracil inhibited growth when PGA’ was supplied but not when thy- 
mine was substituted. This reversal was interpreted as indicating that 
thymine and folic acid were not components of the same anabolic system. 
Hall (6) observed a synergistic effect between thymine and PGA in the 
growth of Streptococcus faecalis R and suggested that “thymine may actu- 
ally be a precursor of folic acid or that thymine is participating in some 
alternate metabolic path.’”’ Strandskov and Wyss (7) observed that an 
analogue of thymine, thiothymine, competitively inhibited Lactobacillus 
casei in the presence of thymine, but was inactive in the presence of PGA. 
This was given as “strong evidence that thymine precedes B-. in some syn- 
thetic process.” Alternate metabolic pathways for thymine and folic acid 
could also explain the effect of thiothymine. 

Inhibition studies by Lampen and Jones (8, 9) with sulfonamides and 
by Rogers and Shive (10) with a folic acid analogue, methylfolic acid, indi- 


*This investigation was supported by a grant from the Nutrition Foundation, 
Inc. 
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cate that PGA is involved in the biosynthesis of thymine, or a thymine. 
like compound, and purines. Stokstad et al. (11) observed additional intey. 
relationships in cultures of Streptococcus faecalis R, indicative that PGA 
may be involved in the synthesis of thymine and adenine. Stetten and 
Fox (12) observed, with Escherichia coli during bacteriostasis due to gl. 
fonamides, an accumulation of an amine which was identified by Shive 
et al. (13) as 5(4)-amino-4(5)-imidazolecarboxamide. This compound may 
be either a purine precursor or formed from a purine precursor. Formyl. 
folic acid or rhizopterin has been suggested as a formylating agent in the 
introduction of a carbon unit into this amine. Schopfer (14) observed that 
bacteriostasis by sulfathiazole could be offset in part by adenine or by 
nucleic acids. 

In the present investigation, an impairment in the synthesis of desoxy. 
ribonucleic acid (DNA), but not of ribonucleic acid (RNA), was found to 
result regularly from PGA deficiency. 


EXPERIMENTAL 


Culture and Medium—The organism used was Lactobacillus casei 7469, 
Monthly transfers were made as stab cultures in a medium containing 15 
per cent of Bacto-agar, 0.5 per cent of glucose, and 2 per cent of Bacto- 
yeast extract. After incubation at 37° for 22 hours, the cultures were 
stored at approximately 5°. 


The inoculum was prepared first by a transfer from the stock culture to . 


a tube containing the above medium. After incubation for 18 to 22 hours, 
a second transfer was made into a medium containing 0.5 per cent of glucose 
and 2 per cent of Bacto-yeast extract. The cells were centrifuged after 22 
hours and washed three times with sterile 0.9 per cent sodium chloride 
solution. Sterile saline was added to the suspension of cells until a stand- 
ard density reading was obtained (89 to 90 in an Evelyn photocolorimeter, 
Filter 720). A 2.5 ml. aliquot of this suspension was used to inoculate 
500 ml. of the medium described in Table I. 

The medium was essentially that of Teply and Elvehjem (15), with the 
vitamin modification of Roberts and Snell (16). Half liter quantities were 
sterilized in 1 liter Erlenmeyer flasks for 15 minutes at 20 pounds pressure. 
Upon removal from the autoclave, the flasks were cooled in an ice bath. 

Harvesting of Cells—After incubation at 37° for 22 hours, the inoculated 
flasks were cooled to 0-5° and centrifuged under refrigeration. The cells 
were washed once with ice-cold distilled water (volume approximately 
< 20) and adjusted to volume (100 to 250 ml.). 

Methods of Analysis—Aliquots of the bacterial cell suspensions were 
used for the following analyses: 

Dry Weight—Triplicate samples were dried at 105° for 12 hours. 
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Nitrogen—Duplicate samples were digested according to the method of 
Koch and McMeekin (17). After appropriate dilution, 1.5 ml. of modi- 
fed Nessler-Folin reagent (17) were added to 10 ml. of the diluted sample. 
Light transmission was read in an Evelyn photoelectric colorimeter, Filter 
420. 

Acidity—10 ml. aliquots of the supernatant of the medium were electro- 
metrically titrated with 0.1 N KOH to pH 7.2. 


TABLE I[ 
Composition of Media 











Component sa Component ones 
Glucose (H20) 63 22 gm. | Choline.... 2.5 mg. 
Casein*...... BO °* Salts Bt.... seek 5.0 ml. 
K:HPOQ,..... ; 2.5 * p-Aminobenzoie acid = 100 
Sodium acetate (3H.O)... 33.2 ‘ Calcium pantothenate...... 500 
t-Agperagine.............. 100 mg. | Nicotinic acid....... ...-| 8 
eee eee 200 Pyridoxine hydrochloride.... 1000 ‘“ 
ere ore | 200 ‘¢ | Thiamine hydrochloride....; 500 
senryptophan............| 400 “ | Mietimg................... 4 * 
Adenine sulfate............| 10  ‘“ | Riboflavin§......... es 500 
Guanine hydrochloride.. .. 10 ‘‘ | Pteroylglutamic acid|......| 2.0'* 
oh eee ears 10 |, re 500 
Ee 





* Squibb’s casein enzymatic hydrolysate, treated four times with 10 per cent by 
weight of Darco G-60 carbon at pH 3.0 for 0.5 hour periods. 

+Salts B = MgSO,-7H,0 4.0 gm., NaCl 0.2 gm., FeSO;-7H:.O 0.2 gm., MnSO,-- 
4H,0 0.2 gm., H.O to 100 ml., plus 0.5 ml. of 50 per cent H2SQ,. 

t Biotin-restricted medium contained 0.1 y per liter. 

§ Riboflavin-restricted medium contained 10 y per liter. 

| Pteroylglutamic acid-restricted medium contained 0.05 y per liter. We are 
indebted to Dr. T. H. Jukes of the Lederle Laboratories Division, American Cyan- 
amid Company, for supplying generous quantities of PGA. 

* Thymine was included only when pteroylglutamic acid was omitted. 


Turbidity—Transmission was measured in an Evelyn photoelectric color- 
imeter with Filter 720, adjusted to read 100 when water was used. 

Nucleic Acids—Duplicate samples were used for the extraction of nucleic 
acids by the method of Schneider (18). The bacterial cells were treated 
with 7 per cent trichloroacetic acid in an ice-water bath and stirred every 
15 minutes through a 2 hour period. The suspension was then centri- 
fuged under refrigeration and washed once with 20 times its volume of ice- 
cold 5 per cent trichloroacetic acid. The residue was treated with 40 times 
its volume of 5 per cent trichloroacetic acid and heated for 15 minutes at 
90°, with frequent stirring. After being centrifuged, the residue was re- 
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heated with 5 per cent trichloroacetic acid for 15 minutes at 90°. The 
supernatants from the two extractions were combined and made up to vol. 
ume. 

Desoxyribonucleic acid was determined by the diphenylamine reaction 
described by Dische (19). The desoxyribonucleic acid standard was pre. | 
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Fia. 1. Rate of growth of Lactobacillus casei in media containing excess PGA 
(control), thymine substituted for PGA, and deficient in PGA, riboflavin, or biotit. 


pared from fresh calf thymus glands by the modified method of Levent 
and Bass (20). 

Ribonucleic acid was determined by the Albaum and Umbreit moti 
fication (21) of the orcinol reaction (22). A correction (18) for the desoxy- 
ribonucleic acid content was applied. The ribonucleic acid standard was! 
yeast preparation obtained from Merck and Company. 
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The purity of both standards was estimated from their phosphorus con- 
tent compared to that calculated for a tetranucleotide structure. On this 
basis, RNA and DNA were 88.4 and 87.1 per cent pure, respectively. The 
reported nucleic acid values included consideration of the purity correction 
applied to the standard nucleic acids. The N:P ratios for RNA and DNA 
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Fic. 2. Rate of acid production of Lactobacillus casei in media containing excess 


PGA (control), thymine substituted for PGA, and deficient in PGA, riboflavin, or 
biotin. 


were 1.68 and 1.60, respectively, compared to the calculated ratios of 1.70 
and 1.69. Choice of a proper nucleic acid standard is difficult, because of 
necomplete information regarding composition of the pure acids. 


Results 


PGA and Thymine Relationships to Nucleic Acid—A comparison was 
made of nucleic acid synthesis in media of varying folic acid and thymine 
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content, bacteria in approximately the same growth phase (22 hours) being 
used. Data regarding growth and acid production will be noted in Figs, 
1 and 2. 

As shown in Table II, there was no significant difference in the ribonucleje 
acid content of bacterial cells when supplied with either abundant or re. 
stricted quantities of PGA. There was a significant increase in both types 
of nucleic acids when thymine replaced PGA in the medium. In contrast, 
a marked decrease in the desoxyribonucleic acid content resulted when 
growth was restricted by a PGA deficiency. 


TaBLeE II 


Nucleic Acids, Nitrogen, Dry Weight, and Acid Production of Lactobacillus casei 
Grown in Various Media* 








. ‘ Desoxyri- : 0.1 N acid ee N 
Components varied ms Ge Ribonu- 7 . Tot et 
in mediat — cleic acid Nitrogen go og a ud oil 
Series A, averages and ranges of five runs 
| per cent | percent | percent | ml. gm. perl. ‘eo 
Control, PGA 2.0 + 1.47 112.7 | 8.67 10.0 11.34 0.75 
per liter 11 .22-1.74 11.6-13.8) 8.00-9.57|} 8.2-11.11.08-1.63 /0.68-0.78 
PGA-deficient, 0.05 |0.79 112.6 | 9.86 | 3.2 0.286 Le 
7 per liter 10.56-1.06)12.1-13.2 9.19-11.5) 3.1-3.7 |0.220-0.348/1.06-1.12 
Thymine, 500 y per |1.89 17.3 10.4 | 3.0 10.302 0.98 
liter 11. 56-2.42)16.4-17.8 8.98-12.6| 2.3-3.7 0 


.241-0.375,0.93-1.10 








Series B, averages and ranges of four runs 


] | 
Control, PGA 2.0 y /1.42 |13.6 9.09 10.9 1.42 0.77 
per liter |1.33-1.51/12.9-14.7) 8.00-10.2/10.8-10.91.41-1.42 |0.76-0.% 
Riboflavin-deficient, |2.08 20.0 112.1 | 4.1 0.212 11.93 
10 y per liter [1 .97-2.35)18.1-22.9|10.6-12.8 | 3.9-4.2 |0.202-0.226/1.82-2.8 
Biotin-deficient, 0.1 |2.42 15.8 10.9 | 7.0 0.518 1.38 
'2.31-2.50'14.5-16.8) 9.20-12.0) 6.4-7.6 (0.3630 .690)1 .00-1.76 


+ per liter 


* Dry weight basis after 22 hours at 37°. 
+ Standard components of the media are listed in Table I. 


The quantities of acid produced per mg. of dry bacterial cells were al 
most identical under the conditions of PGA deficiency and when thymine 
replaced PGA. A higher concentration of PGA caused the acid productioa 
to be approximately tripled. Hall (6) observed a decrease in the rate d 
acid production as the pH of the medium fell, but the change was n0 
marked within the pH range of the tests reported here. 

A small increase in the nitrogen content of the bacterial cells was evidett 
both as a result of growth on a PGA-deficient medium and when thymité 
was substituted for the vitamin. 
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Comparison of PGA, Riboflavin, and Biotin Deficiencies—For compara- 
tive purposes, a further study was made of nucleic acid synthesis when 
growth was restricted by a riboflavin or biotin deficiency. The bacteria 
when harvested were approaching the end of their active growth period 
(22 hours) in the medium deficient in biotin. In the riboflavin-restricted 
medium, growth practically ceased at the end of 15 hours, but acid pro- 
duction continued. The cells were harvested as in the preceding experi- 
ment after 22 hours of growth. 

The data in Table II show that both the RNA and the DNA contents of 
bacterial cells subjected to biotin or riboflavin deficiency were significantly 
higher than in cells that were grown in a PGA-deficient medium or in a 
medium which contained more nearly optimum concentrations of all 
nutrients (control medium). 

Acid productions in riboflavin- and biotin-deficient media were 38 and 
64 per cent, respectively, of the quantities produced under more nearly 
optimum nutrient conditions. But the amounts of acid produced per mg. 
of dry cell mass formed in riboflavin- and biotin-deficient media were 250 
and 180 per cent, respectively, of the quantities produced under optimum 
nutrient conditions (Table II). 

The nitrogen values on a dry weight basis after growth in riboflavin- 
and biotin-deficient media were 133 and 120 per cent, respectively, of the 
control values. 


DISCUSSION 


The degree of PGA restriction in the medium and the time interval for 
culture growth were selected, in part, on the basis of producing a cell mass 
and an acidity that would be approximately equivalent to the respective 
values obtained when excess thymine replaced PGA in the medium. The 
contrast between desoxyribonucleie synthesis (decrease) and ribonucleic 
acid synthesis (no change) was sufficiently striking to point toward a spe- 
cific functional réle of the nutrient in one or more of the steps essential 
for synthesizing desoxyribonucleic acid. 

In view of the rdle which Boiven et al. (23) and Belozersky (24) have sug- 
gested for desoxyribonucleic acid in bacterial cells, it would be of interest to 
explore further the changes that are associated with PGA deficiency. A 
hew type of lead is provided by Shive et al. (25), who isolated from hog liver 
a crystalline compound which was several times as active as folic acid in 
producing one-half maximum growth and which counteracted methylfolic 
acid toxicity. This compound was identical with the nucleoside thymidine 
in x-ray diffraction pattern and biological properties. Hall has reported a 
product or products derived from histidine by chemical (26) and enzymatic 
(27) procedures with PGA activity for Streptococcus lactis R. 

The biotin and riboflavin studies were conducted primarily to find 











1316 NUCLEIC ACID SYNTHESIS IN L. CASEI 


whether the decreased desoxyribonucleic acid production might be dye 
merely to a non-specific nutrient deficiency. No decrease in the conten} 
of the nucleic acids was observed; rather, there was a moderate increase jp 
both cases, but no evidence of a change in proportion of the two products, 
Price, Miller, and Miller (28) similarly did not find a marked difference jy 
the RNA and DNA storage in the cell nuclei of rats as a result of riboflayip 
deficiency. 

In agreement with observations on other organisms (29, 24, 30) it was 
found that the nucleic acid content of Lactobacillus casei tended to decrease 
as the age of the culture increased. The RNA content, for example, was 
19.5 per cent in a 15 hour culture and 14.7 per cent in the 22 hour culture, 
The DNA content of a 15 hour culture was 1.83 per cent, and it decreased to 
1.33 per cent in the 22 hour culture. This age relationship may explain, 
in part, the higher nucleic acid values observed with Lactobacillus casei 
grown in riboflavin- or biotin-deficient media and in media with thymine 
substituted for PGA. These considerations lend emphasis to the observed 
effects of PGA deficiency. 

The effect of thymine in increasing the nucleic acid content above that 
obtained in the control medium (optimum PGA) does not necessarily sup 
port Stokes’ (4) hypothesis that folic acid is involved in thymine synthesis, 
since an increase in both types of nucleic acid also resulted from growth in 
a medium deficient in either riboflavin or biotin. 

Among other observed influences of PGA, failure to form red or white 
blood cells at a normal rate is one of the most characteristic features of a 
deficiency in animals. Rodney, Swendseid, and Swanson (31) found that 
“the rate of tyrosine oxidation by livers from PGA-deficient rats was i 
creased by the addition of PGA.” Woodruff and Darby (32) reported that 
in the scorbutic guinea pig either ascorbie acid or PGA decreased the ui 
nary excretion of tyrosyl derivatives and keto acids, which appeared 
abnormally high concentrations due to the addition of L-tyrosine in the 
diet. Totter and Sims (33) reported that PGA counteracted the inhibi 
tory effect of KCN on both growth and porphyrin production of Coryne 
bacterium hoffmannii. Martin and Beiler (34) have reported that 7-methy! 
folic acid and the aspartic acid analogue of PGA markedly inhibited dopa 
decarboxylase in rat kidney preparations. In none of the above cases has 
there been a basis for citing the specific reactions in which PGA plays3 
direct réle. 

SUMMARY 
A partial deficiency of pteroylglutamic acid in a medium otherwise fav 
able for rapid growth of Lactobacillus casei resulted in a distinctly lower cot 
tent of desoxyribonucleic acid, while the content of ribonucleic acid W# 


essentially unchanged. 
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A comparable deficiency of riboflavin or biotin did not cause a similar 


ue selective effect, but instead resulted in a moderate increase in the content of 
6 both types of nucleic acid. 
. An excess of thymine, adequate to afford growth and acid production 
* rates approximately equal to the respective values resulting from pteroyl- 
| glutamic acid deficiency, caused a moderate rise in both desoxyribonucleic 
il | geid and ribonucleic acid. 
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OXYBIOTIN METABOLISM IN THE CHICK* | 
| I. DEPOSITION OF OXYBIOTIN IN TISSUES 


By R. H. McCOY, JULIET N. McKIBBEN, A. E. AXELROD, 
AnD KLAUS HOFMANN ! 


(From the Department of Chemistry, University of Pittsburgh, and the Institute of 
Pathology, Western Pennsylvania Hospital, Pittsburgh) 


(Received for publication, August 5, 1948) 


Oxybiotin, the oxygen analogue of biotin, can replace biotin in the nutri- 
tion of the rat (1), the chick (2), and certain microorganisms (3). It has 
been clearly established that Saccharomyces cerevisiae and Rhizobium tri- 
folii can utilize oxybiotin directly (4,5). Recently Krueger and Peterson 
(6) have obtained similar results with Lactobacillus pentosus. The present 
experiments were designed to determine whether oxybiotin is active as such 
or whether it is converted into biotin by the chick. 

If oxybiotin is active as such, its administration to biotin-deficient ani- 
mals should lead to an accumulation of oxybiotin in the tissues with no 
concomitant increase in their biotin content. Furthermore, there should 
be a correlation between the growth response of the animals and the oxy- 
biotin content of tissues. This paper presents the results of a study of the 
deposition of oxybiotin and biotin in chick tissues following the intramus- Lid 
cular administration of these compounds. By differential assay for biotin | mL 
and oxybiotin it has been possible to demonstrate that-the increased “‘bio- | 
logical activity” (or biotin-like activity) of tissues (as measured micro- | 
biologically) which appears after the administration of oxybiotin to chicks 
is due to oxybiotin rather than biotin. The growth response of chicks was 
found to parallel the increase in the oxybiotin content of their tissues. 





EXPERIMENTAL | 
Care of Animals 


Day-old white Leghorn cockerels served as experimental animals through- 
out this study. The basal diet was essentially the same as that used pre- 
viously for oxybiotin studies (2), and consisted of dextrin, 55.7 per cent; 
Labeo “vitamin-free” casein, 20 per cent; dried raw egg white, 10 per cent; 
salts, 5 per cent (7); fortified corn oil,! 5 per cent; solubilized liver fraction 


*This work was aided by grants from the Buhl Foundation, from the Williams- 
Waterman Fund of the Research Corporation, and from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. A preliminary report of these studies has appeared (Federation Proc., 6, 
276 (1947)). 

‘Per 100 gm. of fortified corn oil: a-tocopherol 160 mg., 2-methyl-1,4-naphthoqui- 

| Rone 20 mg., vitamin A 80,000 U. S. P. units, and vitamin D 16,000 U. S. P. units. 
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L, 2 per cent; glycine, 2 per cent; choline chloride, 0.2 per cent; and j. 
inositol, 0.1 per cent. To each kilo of ration were added thiamine hydjp. 
chloride, 10 mg.; riboflavin, 15 mg.; pyridoxine, 15 mg.; calcium pantothep. 
ate, 50 mg.; nicotinic acid, 100 mg.; and pteroylglutamic acid,’ 1.9 mg. 
After 1 week on this basal ration, the chicks were separated into foy 
comparable groups on the basis of their weight and growth performance. 
One group served as a control, while the other three were injected intr. 
muscularly on alternate days with 2, 8, or 20 y of dl-oxybiotin (Table J), 
Two chicks from each group were sacrificed each week for the following 4 
weeks, and all of the surviving chicks were sacrificed at the end of the 5th 
week of injections. Immediately after decapitation, the heart, liver, spleen, 
and a sample of leg muscle were removed from each chick and kept frozen 
until analyzed. 

A second experiment conducted in a similar manner included the follow. 
ing: (a) a positive control group supplied with a commerical chick ration! 
(b) two groups injected on alternate days with either 0.3 or 15.0 y¢ 
d-biotin, (c) two groups injected on alternate days with either 2.0 or 30) 
y of dl-oxybiotin, and (d) a negative control group fed the basal ration alone, 
After 5 weeks of injections, all chicks were sacrificed and tissues were re 
moved for analysis (Table III). 


Analytical Procedures 


Preparation of Samples—Studies were made of various procedures for 
the extraction of biotin and oxybiotin from tissues. These included auto 
claving or refluxing the minced tissue samples for various periods of time 
up to 6 hours with various concentrations of HC] or H.SO, up to 6%, 
Neither time, concentration of acid, nor choice of acid appeared to be par 
ticularly critical in these studies. Autoclaving at 15 pounds pressure far 
2 hours with 30 ml. of 5 N HCl per gm. of dry weight of sample was found 
to liberate the largest amount of “biological activity” from tissues, and this 
procedure was adopted for general use. Recovery of biotin or oxybiotin 
added either before or after hydrolysis was good. Following the digestia, 
each solution was filtered, the residue washed with dilute acid and with 
water, and the combined filtrates evaporated to dryness. These solidi 
were then dissolved in water, adjusted to pH 6.7 with dilute NaOH, and 
made up to volume. Aliquots were diluted for microbiological assay. 

Microbiological Assays—All analyses were made by the Wright aul 
Skeggs (8) microbiological procedure with Lactobacillus arabinosus as the 


2 Supplied through the courtesy of Dr. David Klein, The Wilson Laboratories. 

3 Pteroylglutamic acid was kindly supplied by the Lederle Laboratories Divisio 
American Cyanamid Company; all other water-soluble vitamins by Merck and Cot 
pany. 
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test organism.’ For this organism, 0.4 my of dl-oxybiotin is equivalent to 
0.2 my of d-biotin, and the two growth curves are superimposable. The 
“biological activity” (or biotin-like activity) of a tissue extract, therefore, 
represents the response to the sum of the biotin and oxybiotin present and is 
expressed in terms of d-biotin. 

Two types of differential analysis for biotin and oxybiotin were used. 
The permanganate procedure (4), modified to use Lactobacillus arabinosus 
as the test organism, and the Raney’s nickel procedure (9) were found to give 
comparable results. In both methods biotin is converted into a compound 
inactive for Lactobacillus arabinosus, by permanganate into the sulfone and 
by Raney’s nickel into desthiobiotin. Any activity remaining after either 
of these treatments is assumed to be oxybiotin, since under the conditions 
of these tests oxybiotin is unaffected. Good recoveries of added oxy- 
biotin were obtained. Thus, in a sample containing both biotin and oxy- 
biotin, an aliquot was removed and treated by either permanganate or 
Raney’s nickel and then assayed simultaneously with an untreated aliquot. 
The difference between the values of the treated and untreated aliquots was 
a direct measure of the biotin present in the sample. 


Results 


The growth response of chicks to graded doses of oxybiotin confirms the 
earlier observation (2) that dl-oxybiotin is approximately 17 per cent as 
active as d-biotin in the nutrition of the chick. Thus, chicks from the 
second series which received a dosage of 2.0 y of dl-oxybiotin attained a 
greater weight (204 gm.) than those which received 0.3 y of d-biotin (175 
gm.), While the group receiving 30 y of dl-oxybiotin weighed less (222 gm.) 
than those receiving 15 y of d-biotin (268 gm.). 

Table I summarizes the ‘‘biological activity” found in tissues from chicks 
injected with graded doses of oxybiotin. No significant variations were 
observed in the concentrations of biotin-like activity of tissues from chicks 
sacrificed at the varying time intervals and, therefore, all of the individual 
figures were included in the averages for each group. Apparently, at each 
dosage level, the tissue concentrations attained a constant value within 1 
week after injections were started. With increasing dosages of oxybiotin 
4 progressive increase in concentration (per gm. of fresh weight of tissue) 
and in total amount of biotin-like activity per organ was observed. For 
various tissues the concentrations of biotin-like activity found in the 20 
y dosage group were between 5 and 16 times as high as those in the control 
animals. The total amounts of “biological activity” found in these organs 
showed even larger increases because of the larger size of the individual 


*L-Asparagine (0.01 gm.) was added per 100 ml. of the original single-strength 
medium. 
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organs in the injected animals. An examination of the relative increases jp 
concentration of biotin-like activity with increased dosages suggests tha 
the tissues approach saturation with a 20 y dosage. A close parallelign 
was also observed between the growth response and the concentration g 
biotin-like activity found in individual tissues. 

The tissues from the chicks of the first series which received injections 
of 2 y of dl-oxybiotin on alternate days for 5 weeks were subjected to dif. 
ferential assay for oxybiotin and biotin by the Raney’s nickel procedup 


(9) (Table II). Tissues from chicks of the second series which received | 


injections of 30 y of dl-oxybiotin on alternate days for 5 weeks were gub. 


TABLE [ 
‘Biological Activity’? of Tissues from Chicks Injected with Oxybiotin 





ee 








Controls | Oxybiotin-injected chicks 
Dosage,* y...... 2 | 8 20 
Average starting 
weight,t gm...) 55 57 | 53 54 
Average final | 
weight,f gm..., 139 201 234 254 
Liver, my pergm. 420 + 47§ 810 + 77 1,900 + 70 2,590 + 82 
total my. . 1820 (14) 4840 (14) 12,200 (17) 16,740 (15) 
Heart,mypergm. 34+ 5.5 96.54 9.2 190 + 10 220 + 7.3 
totalmy..| 30 (14) 112 (14) 230 (17) 300 (15) 
Spleen, my per 
ee ie 23 + 3.3 41+ 4.1 85 + 8.4 120 + 4.6 
Spleen, total my. 2.6 (13) 9 (14) 26 (17) 45 (15) 
Muscle, my per 


Oia Nise en 2 12+1.5 (6), 65.5 + 12.5 (6) 


* Injected on alternate days into breast muscle. 
+ After 1 week on basal diet. 

t Average weight of chicks at end of experiment. 

§ Mean + standard error of the mean. 

|| The figures in parentheses are the number of tissues analyzed. 


120 + 5.1 (11) 192 + 13 (9) 





jected to differential assay for oxybiotin and biotin by the permanganate 
procedure (4). Table III summarizes these findings in comparison with 
the biotin content of tissues from deficient controls, chicks injected with 
biotin, and chicks on a commercial ration. At these two dosage level 
(2 and 30 y, respectively) the concentrations and total quantities of biotia 
found in tissues from chicks injected with oxybiotin and control chicks wer 
not significantly different. However, despite the similarity of amounts d 
biotin found in the chicks injected with oxybiotin and control groups, the 
former groups averaged, respectively, 60 and 83 gm. greater increases 


body weight during the 5 week period. Thus, no correlation was observ | 
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8 i TaBLe II 

that Biotin and Oxybiotin in Tissues from Chicks Injected with Oxybiotin 

=| a d-Biotin dl-Oxybiotin 

on of a ——__— | ————_ ———_———___— 

total my |mry per gm, total my | my per gm. 

ting | Liver, injected*...............060.. 008, _ 1970 6)t | 300 6420 (6) | 980 
ae “  control..... aaah hibit iccavac tale oe een erate 1820 (14) | 420 0 0 

di TT CET er 19(6) | 18 150 (6) | 110 

| eo etre 30 (14) | 34 0 | 0 

eived | Muscle, injected....................0.. (6) | 17 (6) | 80 

- sub. Seer Tere error (6) | 12 0 0 








*2 y of dl-oxybiotin on alternate days for 5 weeks. 
+ The figures in parentheses are the number of tissues analyzed. 


an TaBLe III 
me Comparison of Biotin and Oxybiotin Content of Tissues from Various Chick Groups 



































beige a | Oxybiotin-injected* Biotin-injectedt | Commercial 
d-Biotin | d-Biotin |  dl-Oxybiotin d-Biotin d-Biotin 
Liver, my per 
8 gm............| 40 + 75t | 356-441 | 4,250 + 210] 3,370 + 250 | 2,360 + 60 
y Liver, total my. 2020 (8)§ (2240 (10) | 31,530 28 ,000 (7) 27,000 (8) 
13 Heart, my per | | 
)) gm............| 38410 34+ 3 396+ 28| 263+ 12 274+ 15 
Heart, total my.| 36 (8) 36 (10) | 430 356 (7) 488 (8) 
4g Muscle, my per | 
”) gm............| 1l+1(5)} 441 (8) 94+ 4 61 + 4 (5) 
, Spleen, my per 
BO i... O22 | 2! Mies 60 + 8 
| Spleen,total my., 1.6 (5) 2.5 (5) | 63 28 (5) 
Lung, my per 
se si x | 8.241) 67 + 4 35 +2 52 
Lung, total my. | 4.3 (8) 89 51 (8) 93 (3) 
Starting weight, | 
Ota s.) 62 53 53 64 
Final weight, 
nee | ogm........... | 188 222 | 268 412 
‘ fee 90 ae ea: 
1 with *30 y of dl-oxybiotin on alternate days for 5 weeks. 
level +15 y of d-biotin on alternate days for 5 weeks. 
ii t Mean + standard error of the mean. 
biotis § The figures in parentheses are the number of tissues analyzed. 
S wer | After 1 week on a basal or commercial diet. 
ints @ 


s, ty between the growth response and actual biotin content of tissues. In 
ases it +-« COntrast, the growth response was found to increase with increasing tissue 
served | CONcentrations of oxybiotin. 
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When microbiologically equivalent dosages of d-biotin (15 y) and g). 
oxybiotin (30 y) were injected into chicks, the concentrations of biotip. 
like activity found in chick tissues (by microbiological assay) were quite 
similar (Table IV). Since the increase in biological activity resulting from 
the injection of dl-oxybiotin has been shown to be due to oxybiotin, it js 
apparent that the storage of oxybiotin and biotin was approximately the 
same at these injection levels. However, the group injected with biotin 


TABLE IV 
“Biological Activity” of Tissues from Chicks Injected with Biotin or Oxybiotin 





Biotin-injected* Oxy biotin-injectedt 


my per gm. my per gm. 

SN ae ee Ter ere ree 3370 2480 
Rte che a at hie See sid, Gane = 263 232 
WR ig ely fs cos oenay chores 61 51 
BROT ied 2 sida Senta ad: : 60 66 
Lung.. DEEL hie beeen 35 36 

* 15 y of d-biotin on alternate days for 5 weeks. 

t 30 y of dl-oxybiotin on alternate days for 5 weeks. 

TABLE V 


‘Biological Activity’’ Liberated by Autoclaving in Acid or in Water* 





Liver Heart Muscle Spleen 
Autoclaved 2 hrs. in 5 N Average 2930 293 158 131 
HCl Range 2220-3460 246-393 129-214 88-205 
Autoclaved 2 Ars. in dis- Average 172 35 35 34 
tilled H.O Range 98-223 22-60 24-41 17-56 
“> liberated in distilled | Averaget 5.7 12.6 22 28 
H,O Range 4.4-8.0 6.0-24 15-29 14-44 


* Values from six chicks which received 20 y of dl-oxybiotin on alternate days for 
5 weeks. The values are expressed as my per gm. of fresh tissue. 
7 On assumption of 100 per cent liberation by 5 nN HCl. 


on the average gained 45 gm. more than the oxybiotin group. The dif: 
ferences in growth performance, therefore, are not the result of differences 
in absorption and storage, but the direct result of intrinsic variations in the 
biological activities of the two molecules in the chick. 

Since a large percentage of the biotin of animal tissues is present in 4 
bound form, that is, requires hydrolysis with acid or enzymes for its libera- 
tion, it was of interest to determine whether the “biological activity” 
present in animal tissues following the injection of oxybiotin was similarly 
bound. Tissues from chicks which had received 20 y of dl-oxybiotin 0 
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alternate days for 5 weeks were used in the experiment. Each tissue was 
divided into approximately equal portions and these were autoclaved for 
2 hours in either 5 n HCl or in distilled water. Microbiological assays were 
conducted on the filtrates. The findings are summarized in Table V. It 
js apparent that only a small proportion of the “biological activity” was 
liberated by autoclaving in water. Thus, the “biological activity” stored 
following the injection of oxybiotin was bound in a manner comparable to 
that of biotin. 


DISCUSSION 

The storage of oxybiotin in chick tissues has been repeatedly observed 
during these studies. This is in marked contrast with the report by Moore, 
Luckey, Elvehjem, and Hart (10) that ‘‘no appreciable accumulation” 
occurred in either liver orsmuscle of the chick until 1000 y of dl-O-hetero- 
biotin (oxybiotin) was fed per 100 gm. of diet. Although no food consump- 
tion figures were reported, it is obvious that the intake of their animals was 
many times the 1 y per day which in our experiments induced a large deposi- 
tion of oxybiotin in muscle, heart, and liver tissue. After only 1 week of 
injections, sufficient oxybiotin had been deposited in liver and muscle to 
more than double the “biological activity,’’ compared to deficient control 
tissues. Apparently the injection of small quantities of oxybiotin leads to 
a greater and more prompt deposition in tissues than the feeding of high 
concentrations in the ration. It should be noted that the differential assay 
employed by Moore et al. depends on the difference in response of Strepto- 
coccus faecalis R to biotin and oxybiotin. In our hands this method has not 
proved satisfactory. 

Since biotin-deficient chicks show a definite growth response to injections 
of oxybiotin without any increase in the biotin content of various body tis- 
sues, and since the amount of the growth increase parallels both the amount 
of oxybiotin injected and the amount stored in tissues, it seems highly 
probable that oxybiotin is biologically active as such. The similarity of 
binding in tissues is in agreement with this concept. Unequivocal proof 
that oxybiotin is not converted into biotin in the chick is provided by com- 
plete balance experiments which are presented in the following paper. 


SUMMARY 


1. Liver, heart, spleen, lung, and leg muscle from chicks which received 
oxybiotin injections into the breast muscle were found to have a high con- 
tent of oxybiotin. 

2. The actual biotin content of these tissues was almost identical with 
that of tissues from biotin-deficient chicks. 

3. The growth response of chicks injected with oxybiotin paralleled the 
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quantities of oxybiotin injected and the amounts of oxybiotin found jy 
tissues. 

4. When microbiologically equivalent amounts of oxybiotin and biotiy 
were injected into similar groups of chicks, comparable amounts of both 
compounds were stored in chick tissues. 

5. Oxybiotin, like biotin, was only partially liberated from tissues by 
autoclaving in distilled water, yet readily liberated by autoclaving in 5 x 
HCl. 

These findings are in agreement with the concept that the biological 
activity of oxybiotin is an intrinsic property of the molecule rather than g 
result of its conversion into biotin. 
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OXYBIOTIN METABOLISM IN THE CHICK* 
II. OXYBIOTIN AND BIOTIN BALANCE STUDIES 


By R. H. McCOY, JULIET N. McKIBBEN, A. E. AXELROD, 
anp KLAUS HOFMANN 


(From the Department of Chemistry, University of Pittsburgh, and the Institute of 
Pathology, Western Pennsylvania Hospital, Pittsburgh) 


(Received for publication, August 5, 1948) 


Balance experiments have demonstrated clearly that oxybiotin is not 
converted into biotin during the growth of Saccharomyces cerevisiae 139, 
Rhizobium trifolit (1), or Lactobacillus pentosus 124-2 (2). Growth experi- 
ments with chicks, together with studies of the accumulation of oxybiotin 
in their tissues, suggest that no conversion occurs in the chick (3). This 
paper presents complete balance experiments demonstrating that the chick 
does not convert oxybiotin into biotin and, therefore, that the biological 
activity of oxybiotin is an intrinsic property of the molecule. 


EXPERIMENTAL 


In the first series, ten newly hatched white Leghorn cockerels of identi- 
cal weights were placed in pairs in screen bottom cages over glass funnels. 
The excreta were washed down daily from the cages and funnels into 
flasks containing 2 cc. of concentrated HCl and toluene and these collec- 
tions were kept in the refrigerator until analyzed. Basal diet and water 
were supplied ad libitum. Daily records of chick weights and food con- 
sumption were kept. The diet consisted of sucrose, 60.2 per cent; Labco 
“vitamin-free”’ casein, 25 per cent; salts, 5 per cent (4); fortified corn oil, 
5 per cent;! solubilized liver fraction L, 2 per cent;? glycine, 2 per cent; 
L-cystine, 0.3 per cent; L-arginine, 0.2 per cent; choline chloride, 0.2 per 
cent; and 7-inositol, 0.1 per cent. The vitamin supplement was identical 
with that used in previous experiments (3). After 1 week, the chicks were 
separated into two comparable groups. One group of six chicks served as 
the negative control; the other group of four was injected intramuscularly 
on alternate days with eight equal dosages totaling 32 y of dl-oxybiotin. 


* This work was aided by grants from the Buhl Foundation, from the Williams- 
Waterman Fund of the Research Corporation, and from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research Coun- 
cil. A preliminary report of these studies has appeared (Federation Proc., 6, 276 
(1947)). 

‘Contained as follows per 100 gm. of fortified corn oil: a-tocopherol 160 mg., 
2-methyl-1,4-naphthoquinone 20 mg., vitamin A 80,000 U. S. P. units, and vitamin 
D 16,000 U. S. P. units. 

* Supplied through the courtesy of Dr. David Klein, The Wilson Laboratories. 
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The animals in the second series were treated in like manner except that 
they were placed in individual cages. This series included three equa] 
groups (based on their weight and growth performance) of four chicks each, 
One group was the negative control; a second group received 10.2 y of 
d-biotin; the third group received 68 y of dl-oxybiotin. At 3 weeks of age 
the chicks of both series were sacrificed (chloroform) and their carcasses 
frozen. For analysis, these frozen carcasses were chopped into small pieces 
and the entire chick hydrolyzed. 

For comparison, biotin determinations were made on twelve newly 
hatched chicks comparable with those used in the experimental groups, 


These were found to have a biotin content of 5.1 + 0.3 y per chick (mean 
+ standard error). 
Digestions of the chicks, the excreta, and the food samples were carried 


out with 5 nN HCl in the manner described in the previous paper (3). Dif. 
ferential microbiological assays for biotin and oxybiotin were made by both 
the permanganate (1) and the Raney’s nickel methods (5), with Lacto- 
bacillus arabinosus as the test organism. Added biotin was completely 
destroyed. Good recoveries of oxybiotin were obtained. 


Results 


Table I summarizes the biotin balance studies of the individual chicks 
used in these experiments. The excreta samples contained approximately 
the same amounts of biotin for successive weeks with no increase following 
the injection of oxybiotin. For simplicity, only the figures for the total 
excretion of biotin during the 3 week period are presented. Both the per- 
manganate and Raney’s nickel procedures were used for differential analy- 
sis and both sets of figures are presented. (These analyses were performed 
independently in two different laboratories.) Considering the many steps 
involved, the results obtained with both procedures in general are in close 
agreement. The Raney’s nickel method, however, gave somewhat higher 
results for the biotin content of the excreta, although added biotin was 
quantitatively destroyed. However, even with the Raney’s nickel figures 
for the total biotin content of each chick plus excreta, the chicks injec- 
ted with oxybiotin did not have a significantly higher content of biotin 
than non-injected controls (8.6 y total for chicks injected with oxybiotin 
compared to 7.6 y for non-injected controls). With the permanganate 
method lower quantities of biotin were found (7.1 y). The biotin content 
of chicks injected with oxybiotin was identical with that of the controls and 
not significantly different from that of newly hatched chicks (5.8 y in no 
injected controls, 5.4 y by permanganate and 6.0 y by Raney’s nickel i 
chicks injected with oxybiotin, and 5.1 y in comparable day-old chicks). 

In the first series the total amount of basal diet consumed contained from 
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0.37, to 0.55 y of biotin per chick, while in the second series (supposedly 
identical, but made up of a different batch of ingredients) the food provided 


TaBie | 
Biotin Content of Individual Chicks and Excreta 


di-Oxybiotin-injected animals 








2 = Control animals d-Biotin-injected animals 
Permanganate Raney’s nickel 
procedure procedure 
Dosage 3 ai kG Ty ie aes 3 + ; “| < ki 
Chick | Feta Total Chick | (fej, | Total Chick! F%, Total | 20% | chick| Fay, |Total 
¥ Y s a Y 7 lc 7 1 " Y | Y | Y Y 
32 5.3) aa | 6% 5.0) 3 g | 8-8" 4.7)! 2 . | 6.3" 10.2, 9.8} 2.9 /12.7 
39 §.1{| ~"~ | 6.8 | 6.07) -"” | 6.8 | 4.3/1 “"" | 6.0} 10.8 10.8 27 ee 
32 4.3\ 55 5.4% 4.5|) , . | 6.6" 5.0\', 9 6.5* 10.2) 15.8) 3.5 19.3 
32 7.1f “"" | 8.2 | 8.4f) “°* [10.2 | 5.8f| “" | 7.2 | 10.2) 11.5} 3.9 [15.4 
68 5.1/2.1 7.2 | 7.3 | 4.4 111.7 | 9.5) 3 3 [ill | | 
68 3.9|2.5/|6.4| 5.51 3.9|9.4| 5.8/| °°° | 7.5 ca 
68 7.5 |1.8| 9.3 | 7.8 | 2.6 |10.4 | 5.0 | 1.8 | 6.8 | 
68 | 5.0/1.3] 6.3/4.5 | 2.6|7.1| 8.5 | 2.1 |10.6 = 
5.1 | 1.8 | 6.9 
| 4.4 | 2.41 6.8 | 
Average... 5.4 1.7 7.1/6.0 2.7 | 8.6 | 5.8 | 1.8 | 7.6 | 12.2) 3.3 |15.4 


* Assuming equal amounts of biotin were excreted by each chick in the pair. 





TaBLeE II 
Oxybiotin Content of Individual Chicks and Excreta 
dl-Oxybio- Permanganate procedure Raney’s nickel procedure 
tin f see ee Ghai = = ae 
injected Chick Excreta Total Recovery Chick Excreta Total Recovery 
Y Y 9 od per cent ¥ ¥Y Y per cent 
9 - \ oR R* « 9 9 * ~~ 
= | gee [oe pe B- | seal eee si 
32 18.8 30.0 94 17.5) 27.7 87 
32 13.5) 24.0* 75 10.0 18.3* 57 
za om | gee fae 7 "| wee TS “ 
32 15.6} 26.1 81 3.8} 22.1 69 
68 25.8 22.0 47.8 70 25.3 eat 43.0 63 
68 32.0 20.4 §2.7 77 33.0 17.3 50.3 74 
68 25.0 28.1 63.1 78 26.8 21.6 48.4 71 
68 26.0 34.2 60.2 88 24.9 28.6 53.5 79 
mee a 


Assuming equal amounts of oxybiotin were excreted by each chick in the pair. 


from 1.2 to 2.0 y. The excretion by the non-injected control chicks of 
amounts of biotin greater than that present in the food consumed suggests 
that bacterial synthesis of small amounts of biotin may have occurred. 
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Analysis of comparable chicks which received biotin injections indicated 
that a large amount of the biotin could be recovered in the chick plus ex. 
creta (see Table I). Thus, if appreciable quantities of biotin were formed 
from oxybiotin in chicks injected with oxybiotin, it should have been de. 
tectable. The failure to find any increase in the total biotin of the chick 
or excreta following the injection of large dosages of oxybiotin excludes the 
possibility of oxybiotin being converted into biotin by the chick. 

In Table II are presented the recoveries of oxybiotin injected into chicks, 
With a dosage of 32 y of dl-oxybiotin 31 to 59 per cent was recovered within 
the chick, while 30 to 35 per cent was recovered in the excreta. 75 per 
cent or more of the injected oxybiotin was accounted for in the chick plus 
excreta. With the higher dosage of 68 y of oxybiotin, 37 to 48 per cent was 
recovered within the chick and 25 to 50 per cent in the excreta. Certainly 
the recovery of oxybiotin was very good under the conditions of these ex- 
periments. The high recovery of oxybiotin precludes the possibility of its 
being converted into biotin. 


DISCUSSION 


The biotin balance experiments described in this paper demonstrate 
clearly that the chick does not convert oxybiotin into biotin. This con- 
clusion is further supported by the fact that about 75 per cent of, the in- 
jected oxybiotin could be accounted for unchanged in the chick plus ex- 
creta. Recovery of injected biotin was of the same order. 

It must be concluded that the increased growth consistently observed 
following the administration of oxybiotin to biotin-deficient chicks is the 
result of the direct utilization of thiscompound. The experiments reported 
here complete the evidence for the first demonstration that the sulfur atom 
of biotin is not essential for the biological activity of this compound ina 
higher animal. Since several widely different species can utilize oxybiotin 
as such, it seems reasonable to predict that oxybiotin can replace biotin in 
all biological forms. 


SUMMARY 


1. The biotin content of chicks injected with oxybiotin was identical with 
that of control chicks and not significantly different from that of newly 
hatched chicks. 

2. The biotin excretion by chicks injected with oxybiotin was identical 
with that of control animals. 

3. When total dosages of 32 or 68 y of dl-oxybiotin were injected into 
chicks over a 2 week period, approximately 75 per cent of the oxybiotin was 
accounted for almost equally distributed between the chick and excreta. 
A similar recovery of injected biotin was observed. 
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4, Since the chick does not convert oxybiotin into biotin, the biological 
activity of this compound must be an inherent property of the molecule. 
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SYNTHESIS OF CARBONYL-LABELED PYRUVIC ACID* 


By H. 8. ANKER 


(From the Department of Biochemisiry, University of Chicago, Chicago) 
(Received for publication, July 12, 1948) 


Carbonyl-labeled pyruvic acid was synthesized from radioactive carbon 
dioxide for use in feeding experiments, the results of which are reported in 
the following communication (1). 

The synthesis involves the following steps. 


CO,-CH;COOK— CH;COBr— CH;COCN — CH;COCON HH. CH;COCOOH 


1-C'4 Potassium Acetate—The method described here does not differ in 
principle from those published earlier (2). The apparatus used is illustrated 
in Fig. 1. 25 mm of radioactive barium carbonate are introduced into 
the generator, 50 ml. of hydrochloric acid-water, 1:10, into the dropping 
funnel, and a saturated barium hydroxide solution into the last trap. After 
a moderate stream of nitrogen has been started, 100 ml. of an ethereal 0.5 N 
methyl magnesium bromide solution! are pipetted into the reaction vessel, 
which is cooled in an ice bath. After all the air has been displaced, 100 ml. 
of 0.1 N sodium hydroxide solution are added to the gas absorption bottle.” 
The nitrogen stream is reduced and the hydrochloric acid added rapidly 
to the barium carbonate. The reaction vessel is continuously shaken. 
When the barium carbonate is decomposed, the nitrogen stream is increased 
again. The reaction product precipitates as the carbon dioxide enters the 
reaction vessel. After shaking for 20 to 30 minutes, 50 ml. of ice water are 
introduced into the reaction vessel. When the precipitate has dissolved, 
30 ml. of 2 n sulfuric acid are added and the ice bath removed. All addi- 
tions are made after pressure equalization and without interruption of the 
nitrogen stream, which is continued until the ether layer has evaporated 
completely. 60 mm of silver sulfate and 50 ml. of concentrated sulfuric 
acid are added and the mixture is distilled with steam in an all-glass dis- 
tilling apparatus. The distillate is neutralized with 0.1 N potassium hy- 
droxide and concentrated to dryness. The residue is dissolved in 100 ml. 
hot methanol and filtered after addition of a small quantity of charcoal. 
The filtrate is again evaporated and dried. The yield is 65 to 85 per cent, 
based on the barium carbonate used. Nearly all unchanged carbon dioxide 
‘i - This work was supported in part by a grant from the United States Public Health 

rvice. 

1 Arapahoe Chemicals, Boulder, Colorado. 

? Barium hydroxide solution is unsuitable here, as precipitated barium carbonate 
may clog the fritted disk. 
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can be recovered from the alkali trap. (Only a very small quantity of 
barium carbonate should have precipitated in the barium hydroxide trap.) 

1-C* Acetyl Bromide (3)—-20 mm of potassium acetate are pulverized, 
mixed with 16 mm of benzoic acid, and added to a distilling flask. Two 
portions of 2 mm each of benzoic acid are used to “‘wash’’ out the flask which 
contained the potassium acetate. 10 ml. of benzoyl bromide are added to 
the mixture, a glass wool plug is inserted below the side-arm, and the flask 
heated carefully so that the acetyl bromide distils slowly into the tared 
receiving flask. The boiling range is 72-76°. Yield, 75 to 90 per cent. 

1-C'* Acetyl Cyanide (4)—8 mm of acetyl bromide are added to 9 my of 
dry cuprous cyanide contained in an ice-cooled ampul. Sufficient dry 
cyclohexane to wet all the cuprous cyanide is added and the ampul is sealed 
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Fic. 1. Apparatus for the synthesis of labeled acetic acid. (The wash bottles are 
Corning catalogue, Nos. 31770 and 31750.) 


off. After standing for 3 days at room temperature the contents are ex 
tracted with five portions of 2.5 ml. each of dry ether. The ether solution 
is used directly. Yield, 75 to 80 per cent. 

2-C'4 Pyruvamide (5)—The ether solution is introduced into a jacketed 
funnel with a fritted filter disk through which dry hydrogen chloride gas 
passes from the bottom. Ice water is circulated through the jacket anda 
calcium chloride tube is attached at the top. After the solution is saturated 
with hydrogen chloride, 6.5 mm of water are added to the ether solution and 
the hydrogen chloride stream continued for 30 minutes. Pyruvamide 
crystallizes out. The hydrogen chloride stream is discontinued and the 
material filtered by gravity. The precipitate is washed twice with 5 ml. 
each of ether-cyclohexane, 5:1, saturated with hydrogen chloride gas. The 
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top of the funnel is immediately connected to a nitrogen stream in order 
to drive off the hydrogen chloride completely (about 3 hours). The pyru- 
vamide obtained is recrystallized from a minimum amount of dry ethyl 
acetate. Yield, 40 to 70 per cent; m.p. 127°. 

9-C4 Pyruvic Acid—A solution of pyruvic acid is obtained by dissolving 
1 mm of pyruvamide in 1 to 3 ml. of water, adding | ml. of 1 n hydrochloric 
acid, and heating on a steam bath for 90 minutes. The pyruvic acid con- 
tent is determined colorimetrically (6). In view of the known instability 
of pyruvic acid, the solution should be used as soon as possible. Yield, 
90 to 100 per cent. 


SUMMARY 


Pyruvic acid labeled with isotopic carbon in the carbonyl group was syn- 
thesized from isotopic carbon dioxide as starting material in about 40 per 
cent over-all yield. Potassium acetate, acetyl bromide, acetyl cyanide, 
and pyruvamide were obtained as intermediates in the synthesis. 

The product was stored in the form of pyruvamide rather than pyruvic 
acid in view of the stability of this compound. 
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SOME ASPECTS OF THE METABOLISM OF PYRUVIC ACID 
IN THE INTACT ANIMAL* 
By H. 8S. ANKER 
(From the Department of Biochemistry, University of Chicago, Chicago) 
(Received for publication, July 12, 1948) 


Until the advent of the isotope technique, the formation of fat in adult 
animals was held to occur only on a diet containing an excess of calories. 
From the work of Schoenheimer and Rittenberg (1) it became clear that 
body fat is not an inert energy store but participates actively in inter- 
mediary metabolism. Their evidence also indicated that small molecules 
were utilized to build up the fatty acid chains as well as the cholesterol 
structure. The observation that carbohydrate can serve as a precursor 
for body fat is very old, and many investigations have been carried out to 
analyze the details of this process. It is clear that on a balance basis fat 
must ultimately be derived from the carbohydrate or protein of the diet 
if no fat is supplied in the food. Stetten and Boxer (2) concluded from 
experiments with heavy water that a large portion of dietary carbohydrate 
is metabolized by way of fat. These authors (3) proposed too that inter- 
ference with fatty acid synthesis is one of the main metabolic defects in 
alloxan diabetes. Investigations by Bloch and Rittenberg (4, 5) revealed 
the importance of acetic acid as a precursor in the synthesis of fatty acids 
and cholesterol and established the quantitative significance of acetic 
acid as a major intermediate of metabolism. 

Smedley and Lubrzynska (6) first suggested pyruvic acid as an important 
intermediate in carbohydrate metabolism, and many investigations since 
have borne out the central réle of pyruvic acid in glycolysis. It seems 
likely that pyruvic acid is also a key intermediate in the conversion of 
carbohydrate to other body constituents. The work presented here was 
undertaken to ascertain directly the utilization of pyruvic acid for the 
various metabolic processes, particularly the synthesis of acetic acid, 
fatty acids, and cholesterol. For this purpose pyruvic acid labeled in the 
the carbonyl carbon with C“ was synthesized and fed to rats. Feeding 
experiments were also carried out with carboxyl-labeled pyruvic acid and 
labeled acetic acid. 


EXPERIMENTAL 


Syntheses of 1-C™ Acetic Acid and 2-C™ Pyruvic Acid—These preparations 
are described in the preceding communication (7). 


*This work was supported by a grant from the United States Public Health Ser- 
vice. 
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Synthesis of 1-C® Pyruvic Acid—The synthesis was carried out in the 
Same manner as described for 2-C™ pyruvic acid, except that normal 
acetyl bromide and labeled cuprous cyanide were used as starting mg. 
terials. Labeled cuprous cyanide was prepared by shaking equimolar 
amounts of solid cuprous chloride and sodium cyanide in an aqueous 
solution. 

Feeding Experiments—Growing rats weighing about 120 gm. were fed 
ad libitum for 3 days on a diet consisting of 73 per cent corn-starch, 16 
per cent casein, 5 per cent dried yeast, 4 per cent salt mixture (8) and 2 
per cent cod liver oil. The pyruvic acid hydrolysate or sodium acetate 
dissolved in water was mixed with the diet. 100 mg. of p-aminobenzoie 
acid per 100 gm. of body weight or 50 mg. of y-phenylaminobutyrie acid 
per 100 gm. of body weight were added to the diet when desired. Two 
strains of rats, a mixed laboratory strain whose original stock consisted 
of Wistar rats, and the Sprague-Dawley strain, were used in these experi- 
ments. In all cases the experimental conditions were kept as closely alike 
as possible. 


Isolation of Body Constituents 


Acetyl Derivatives—Acetyl-p-aminobenzoic acid and acetyl-y-phenyl- 
aminobutyric acid were isolated from the urine and purified as described 
by Bloch and Rittenberg (9). 

Hippuric Acid and Glycine—Hippuric acid was obtained from the urine 
and glycine isolated after hydrolysis of the hippuric acid, according to the 
method of Shemin (10). 

Liver Glycogen—The animals were killed by exsanguination in ether 
narcosis. The livers were immediately dispersed in ethanol in a Waring 
blendor and digested after the addition of 1 volume of 20 per cent KOH 
by heating for 2 hours. The insoluble glycogen was centrifuged and 
purified according to the procedure of Stetten and Boxer (2). 

Cholesterol and Fatty Acids—Cholesterol was precipitated as the digi- 
tonide from the unsaponifiable fraction. The digitonides obtained were 
decomposed with pyridine (11) and the free cholesterol recovered. The 
saturated fatty acids were separated via the lead soaps according to the 
procedure of Schoenheimer and Rittenberg (12). 

Urea—After extraction of the excreted acetyl derivatives, the urine was 
adjusted to pH 5 and treated with urease. The carbon dioxide liberated 
was precipitated as barium carbonate. 

Decarboxylation—Fatty acid was heated together with powdered iron to 
300° in a nitrogen stream. Carbon dioxide was precipitated as barium 
carbonate, and the ketones obtained from the residue recrystallized from 
ethanol (13). 
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Isotope Analyses—The isolated compounds were burned in a micro com- 
bustion apparatus to carbon dioxide. The combustions were carried out 
at about 900° with a Vicor combustion tube and a platinum gauze filling. 
The carbon dioxide was precipitated as barium carbonate. 

For analysis of C' the barium carbonate was suspended in methanol, 
the suspension transferred to cups, and a layer of barium carbonate 8 to 
15 mg. per sq. cm. thick was deposited. The samples were counted with a 
thin window Geiger-Muller counter for a sufficient length of time to give 
less than 5 per cent probable error. The number of counts was corrected 
for activity of infinitely thick samples with the curve published by Reid 
(14). The size of the cups (area, 3.47 sq. cm.) and the counting proce- 
dure were identical for all analyses. 

For analysis of C™ the barium carbonate was converted to “ain dioxide 
in a vacuum system (15) and the gas analyzed in a mass spectrometer.' 
The analyses have an error of about + 0.01 per cent excess C®. 

Throughout this communication the term “relative isotope concentra- 
tion” (RIC) is used for reporting the analytical data. It is calculated in 
the following manner. 


RIC= radioactivity of isolated compound _ atom % excess C" in isolated compound 


radio activity of fed compound atom © excess C® in fed compound 

The “relative isotope concentration” is independent of the kind of iso- 
tope used for individual experiments; 7.c., the same figure is obtained 
if an experiment is carried out with either C® or C“. Furthermore, by 
reporting the data as “relative isotope concentration,” the analytical 
values of the isolated material become independent of the isotope concen- 
tration of the administered substance. 

In the experiments reported here the weight of the animals as well as 
the amounts of the labeled test substance varied. For comparison of the 
analytical data from different experiments the term ‘‘concentration coef- 
ficient’? (CC) is introduced. 


! The construction of the mass spectrometer was made possible by grants from the 
Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago and 
from the Charles H. and Mary F.S. Worcester Memorial Fund. 

* The concentration coefficient is caleulated from the isotope dilution formula (16), 
((Co/C) — 1)Q = ((C,/C’) — 1)q, where Cg, C, are the isotope concentrations of fed 
material, C is the isotope concentration of isolated material after feeding Q, Q is the 
quantity of fed material (in mm per 100 gm. per day), C’ is the isotope concentration 
calculated if g would have been fed, and q is the standard quantity. If the relative 
isotope concentrations are used and if the standard quantity is 1 mm per 100 gm. 
per day, then Cg = C, = 1,q =1,C = RIC, andC’ =CC. After substitution of 
these values and solving for CC, the formula for the concentration coefficient is ob- 
tained. In most cases the expression (1 — Q)RIC in the denominator is negligible and 
the actual calculation can be simplified accordingly. The “concentration coefficients” 
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nm RIC 
-  Q0+0—QkRic 


where Q is the quantity of the compound fed in mm per 100 gm. of ry 
tissue per day. 

The “concentration coefficient” affords the “relative isotope concep. 
tration” which would have been found if exactly 1 mm per 100 gm. per day 
had been fed. j 

In cases in which the administered compounds contain several carbon 
atoms of which only one is labeled, the concentration coefficient may not 


be a true measure of the utilization of the test substance. The possibility | 


exists that not all carbon atoms of the fed material are incorporated to 
an equal extent into the isolated compounds. In such a case the “specific 
concentration coefficient’’ (SCC) relating only to the carbon atoms util. 
ized will be of greater significance. 

scc =CcC xf 
where f is the fraction of carbon atoms of fed compound utilized. 

In Tables I, II, and V the “specific concentration coefficient” is given 
only in those instances in which the mechanism could be established 
experimentally, such as the utilization of carbon atoms2 and 3 of pyruvie 
acid only for the acetyl groups and the fatty acids. 


Results 


The analytical data are given in Tables I to VI. The isotope concen- 
trations found indicate that pyruvic acid is incorporated to a varying 
degree into the acetyl groups of the excreted foreign amines, liver glycogen, 
cholesterol, and fatty acids. 

In order to evaluate the extent to which a labeled precursor is utilized 
for the synthesis éf a body constituent, it is necessary to know the isotope 
concentration of the precursor at the site of synthesis. This value depends 
on the dilution of the administered precursor by its endogenous analogue, 
i.e. the size of the metabolic pool. In the case of pyruvic acid it was not 
possible to determine the size of the pool directly. However, an indirect 
estimate was obtained in view of the fact that pyruvic acid provides acetyl 
groups for the acetylation of some foreign amines. 

Acetyl Groups—It is possible to determine the isotope concentration of 
the endogenous acetyl pool of the liver by taking advantage of the. acetyla- 





defined here are similar to the ‘‘coefficients of utilization’’ of Bloch and Rittenberg 
(17). The “coefficients of utilization’’ were used to describe the efficiency of several 
test substances in form!ng the same metabolite, while the “concentration coefficients” 
are used to indicate the efficiency of a precursor for the formation of several different 
metabolites. 
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tion reaction. ‘The utilization of a labeled compound as a source of acetyl 
can therefore be determined by an isotope analysis of the acetyl derivative 
excreted in the urine. Bloch and Rittenberg (9) had shown that acetic 
acid itself acetylates p-aminobenzoic acid as well as y-phenylaminobutyric 
acid, i.e. both aromatic and aliphatic foreign amines. They found on the 
other hand that alanine, presumably by way of pyruvic acid, is capable of 
providing the acetyl group for the acetylation of y-phenylaminobutyric 
acid only, but not for p-aminobenzoic acid. 


TABLE I 


Isotope Concentrations of Urinary Excretion Products after Feeding Labeled Pyruvic 
and Acetic Acids 








Compound fed Acetyl groups of acetyl- 





‘eat P pe — Isotope | p-Aminobenzoic acid eee * icacadnine 
per | concentra- | i ee 
day | "on | Rict | cct | scct| RIC | cc | scc 

+ mu | | per cent per cent percent per cent per cent per cent 

It 2-C™ pyruvic acid | 0.46 8,400 | 0.14 | 0.32 | 0.21 | 2.0 4.3 | 2.9 
2 | 1-C acetic = 0.45 | 12,600 | 3.5 | 7.6 | 7.6 | 2.7 5.9 | 5.9 
3§ | 2-C pyruvic “ 0.50 | 12,300 | 1.0 | 2.0 | 1.3 | 1.1 2.0 | 1.8 
38§ 1-C% acetic ‘ | 0.47 11.9, 2.1 | 4.3 | 4.3 
48 | 2-C“ pyruvic ‘‘ 0.50 12,300 1.2 | 2.4 | 1.6 | 0.77/ 1.5 | 1.0 
48 1-C¥ acetic “ 1.04 11.9°4.6 | 4.4 | 4.4 |4.9 | 4.7 | 4.7 
5§ | 1-C pyruvic ‘‘ 1.07 17.0, 0.19 | 0.18 | 0.18 





* Counts per minute of BaC'O;, or atom per cent excess C'°. 

+t RIC = relative isotope concentration, CC = concentration coefficient, and 
SCC = specific concentration coefficient. 

t Rats of the laboratory strain. 

§ Rats of Sprague-Dawley strain. 


Similar results were obtained after feeding labeled pyruvic acid to 
rats of the laboratory strain. The analytical values (Table I) indicate in 
particular that there is no significant conversion of pyruvic acid to acetic 
acid, as in this strain the isotope concentration of acetyl-p-aminobenzoic is 
very low. From the experiment with carboxyl-labeled pyruvic acid it is 
clear that only a negligible fraction of the carboxyl carbon atoms of pyruvic 
acid is incorporated into the acetyl groups. Only carbon atoms 2 and 3 of 
pyruvic acid are therefore utilized in the acetylation reaction. The use of 
the “specific concentration coefficients” for these data is thus justified, 
the factor f being equal to 0.67. 

In the Sprague-Dawley strain, the acetyl groups of y-phenylaminobu- 
tyric acid and p-aminobenzoic acid have nearly equal isotope concentra- 
tions, indicating a considerable difference of pyruvic acid metabolism in the 
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two strains. This result would seem to indicate that a portion of the fej 
pyruvic acid is decarboxylated to acetic acid, which in turn provides th 
acetyl groups for both foreign amines. The possibility cannot be excluded 
that Sprague-Dawley rats are capable of using pyruvic acid directly, i» 
without conversion to acetic acid, for the acetylation of p-aminobengpie 
acid. However, this explanation seems less plausible. If large quantities 
of labeled acetic acid are formed from the ingested pyruvic acid, it becomes 


impossible to evaluate the direct incorporation of carbon atoms of pyruvic | 


acid into other compounds, such as fatty acids and cholesterol, for which 
acetic acid too is a precursor (3). 


Pyruvic Acid Pool—A calculation of the hepatic pyruvic acid pool and | 


its isotope concentration can be attempted from the data obtained in the 
laboratory strain, since after feeding pyruvic acid, the isotope content 
of the acetyl group of acetyl-p-aminobenzoic acid is very small, and ther. 
fore no appreciable conversion of pyruvic acid to acetic acid could have 
taken place. Therefore the appearance of the label in the acetyl group of 
acetyl-y-phenylaminobutyric acid will be the result of direct acetylation by 
pyruvic acid; 7.e., condensation of pyruvic acid with the amine and sub 
sequent decarboxylation of the condensation product (18). The isotope 
concentration of this acetyl group depends on the isotope concentration of 
the pyruvic acid in the metabolic pool and on the relative proportion of 
acetyl groups of y-phenylaminobutyric acid derived from pyruvic and 
acetic acids respectively. 

It can be seen (Table I) that after feeding labeled acetic acid the rel- 
ative isotope concentrations of the acetyl groups of acetyl-p-aminobenzoic 
acid and acetyl-y-phenylaminobutyric acid in the laboratory strain are not 
identical. The acetyl group of acetyl-p-aminobenzoic acid is derived from 
acetic acid only and thus provides a measure of the isotope concentration 
of the acetic Acid pool, while the isotopic concentration of the acetyl group 
of acetyl-y-phenylaminobutyric acid is lower. If it is assumed that this 
difference is due to direct acetylation by pyruvic acid, then the relative 
contribution of acetic and pyruvic acids for the acetylation of phenylamino- 
butyric acid can be calculated. 


, 


Ta 


R = 
nao 


where R is the ratio of acetylation of y-phenylaminobutyric acid by acetie 
to that by pyruvic acid, J, is the isotope concentration of the acetyl group 
of acetyl-p-aminobenzoic acid, and J; is the isotope concentration of the 
acetyl group of acetylphenylaminobutyric acid. . 

From the data of Experiment 2 (Table I) R is found equal to 3.5, 14, 
acetic acid acetylates y-phenylaminobutyric 3.5 times as fast as does 
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pyruvic acid. From this ratio and from the isotope concentration of the 
acetyl group of acetyl-y-phenylaminobutyric acid after feeding labeled 
pyruvic acid, the isotope concentration of the pyruvic acid actually em- 
ployed for acetylation and therefore the isotope concentration in the me- 
tabolic pool can be calculated. 


I, = 1p(R + 1) 


where J, is the isotope concentration of the pyruvic acid pool, and J > is the 
jsotope concentration of the acetyl group of phenylaminobutyric acid. 
The “relative isotope concentration” of the pyruvic acid in the pool is 
calculated to be 13 per cent. 

The size of the pyruvic acid pool is then given by 


where P, is the pyruvic acid pool in millimoles per 100 gm. of rat tissue per 
day, 7, is the isotope concentration of administered pyruvie acid, and 
F, is the quantity of administered pyruvic acid in millimoles per day. 

If this calculation is carried out, it is found that the pyruvic acid pool is 
about 6 to 7 mm per 100 gm. per day. Since this calculation depends on 
several isotope determinations in different animals, it can be considered 
indicative of an order of magnitude only. 

In comparison the acetic acid pool is found to be about 12 to 15 mM per 
100 gm. per day in the laboratory strain and about 20 to 25 mm per 100 gm. 
per day in the Sprague-Dawley strain. These values are in good agree- 
ment with the results obtained by Bloch and Rittenberg (9). 

The size of the pyruvic acid pool is far smaller than the quantity of car- 
bohydrate in the diet. It is comparable to the amount of pyruvie acid 
which could arise from a quantity of antiketogenic amino acid equivalent 
to that contained in the dietary protein. It would appear, therefore, that 
in the liver only a small part of the administered carbohydrate is in equi- 
librium with pyruvic acid in the laboratory strain. 

For the Sprague-Dawley strain a similar calculation of the pyruvic acid 
pool cannot be made, since pyruvic acid provides labeled acetyl groups 
also for p-aminobenzoic acid. Therefore it is not possible to determine 
the relative contributions of pyruvic and acetic acids to the isotope content 
of the acetyl groups of y-phenylaminobutyric acid. 

Liver Glycogen—The incorporation of isotopic carbon from labeled py- 
ruvie acid into liver glycogen is quite variable in different animals but lies 
within the same range in both rat strains. The half life time of liver 
glycogen was determined by Stetten and Boxer (2) to be about 1 day. On 
the basis of this value about 85 per cent of the liver glycogen should have 
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been replaced by newly formed: glycogen in the 3 day feeding perio 
From the data in Table IT it can be estimated that in the laboratory strajp 
the isotope concentration of the liver glycogen is only about one-thirtieth 
the isotope concentration .of the pyruvic acid pool. A major part of the 
liver glycogen must therefore have been derived from unlabeled sources 
presumably from dietary carbohydrate directly. This observation jg jp 
agreement with the results obtained by Vennesland ef al. (19), who observed 
that the extra glycogen deposited after administration of labeled lactic 
acid to fasted rats contained only a small fraction of the label. 

The isotope from carbonyl- as well as from carboxyl-labeled pyruvic 
acid is incorporated into liver glycogen to an equal extent, indicating the 
utilization of all carbon atoms of pyruvic acid for glycogen formation. 


TABLE II 
Isotope Concentrations of Liver Glycogen and Urea after Feeding Labeled Pyrwic 
and Acetic Acids 


The results are expressed in per cent. 








Experi Senet Liver glycogen , U wal ; 
RIC ce RIC cc SCC 
i 2-C'* pyruvic acid 0.17 0.38 
2 1-C acetic o 0.03 0.06 
3t 2-C¥ pyruvie “ 0.26 | 0.51 0.43 0.84 | 0.2 
4t 2-Ci# "a * 0.16 0.32 0.41 0.83 ().28 
4t 1-C8 acetic Ss 0.13 0.12 0.50 0.49 0.25 


ot 1-C pyruvic ‘“ 0.48 0.41 0.85 0.80 0.27 





* Rats of the laboratory strain. 
+ Rats of Sprague-Dawley strain. 


; 

Acetic acid carbon is incorporated to a small extent only into the liver 
glycogen. 

Urea—From experiments by Mackenzie and du Vigneéaud (20) it is known 
that the urea carbon and the respiratory carbon dioxide have the same 
isotope concentrations. The “specific concentration coefficients” were 
calculated after the administration of 2-C™ pyruvic acid, 1-C™ pyruvie 
acid, and 1-C® acetic acid to rats of the Sprague-Dawley strain, with 
f = 3 for the pyruvic acids and f = } for acetic acid. These data are given 
in Table II and suggest an analogous rate of metabolism for pyruvic and 
acetic acids in these animals. 

Glycine—Hippuric acid was isolated from the urine of rats which had 
been fed benzoic acid together with carbonyl- or carboxyl-labeled pyruvit 


acid or carboxyl-labeled acetic acid. The “relative isotope concentrations’ | 


given in Table III indicate that acetic acid is not a precursor for glycine. 
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The isotope concentration of labeled glycine was of the same order of 
magnitude after feeding either carbonyl- or carboxyl-labeled pyruvic 
acids. Degradation by ninhydrin (21) of the glycine obtained after feed- 
ing carbonyl-labeled pyruvic acid indicates that over 80 per cent of the 
isotope was present in carbon atom 2. It is therefore concluded that car- 
bon atoms 1 and 2 of pyruvic acid are the precursors of carbon atoms 1 and 
2 of glycine respectively. In view of the fact that Shemin (10) has demon- 
strated the conversion of serine to glycine, it seems most reasonable to 
assume that the utilization of carbon atoms 1 and 2 of pyruvic acid for 
glycine synthesis proceeds via serine as an intermediate. Chargaff and 
Sprinson (22) have proposed a mechanism for the conversion of serine 
to pyruvic acid. If this reaction series were reversible, it could account 
for the results obtained in this experiment. A similar observation was 
made by Buchanan et al. (23) who observed the conversion of lactic acid to 


TABLE III 


Incorporation of Isotopic Carbon into Glycine from Labeled Acetic and Pyruvic Acids 


| Compound fed Glycine from hippuric acid 
Experiment 2 ae icone 
No. 
. Per 100 gm. Isotope +“ 
per day concentration® RIC ve 
mM per cent per cent 
5t | 1-C™ acetic acid 0.22 87 ,000 0.008 0.04 
5t 1-C pyruvic ‘ 1 a | 17.0 0.34 0.25 


6T 2-C4 wk . 0.5 12,300 0.35 0.70 


* Counts per minute of BaC'O; or atom per cent excess C!’. 
t Rats of Sprague-Dawley strain. 


glycine in the pigeon. Comparing the isotope concentrations of the 
different carbon atoms of uric acid after labeled glycine feeding with 
labeled lactic acid administration, the authors reached the conclusion 
that carbon atoms 1 and 2 of lactic acid are utilized for glycine formation 
in the pigeon. 

Cholesterol—Experiments by Bloch and Rittenberg (4) have demon- 
strated the importance of acetic acid as a precursor of cholesterol. The 
contribution of acetic acid carbon atoms for the formation of liver choles- 
terol in the present experiments can be estimated from the turnover rate 
and the concentration of the acetic acid pool. It can be assumed that about 
30 per cent of the liver cholesterol was newly synthesized in the 3 day 
feeding period, based on a half life time of 5 to 6 days (5,9). The fraction 
derived from the carboxyl carbon atom of acetic acid is calculated to be 
27 to 33 per cent of all carbon atoms of cholesterol in both rat strains. 
This value is in good agreement with the results obtained by Bloch and 
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Rittenberg (4) who found acetic acid to provide over 50 per cent of the 
carbon atoms of cholesterol. Experiments by these authors (5) indicate g 
larger utilization of the methyl than of the carboxyl carbon atom of acetic 
acid. 

By a similar calculation it can be estimated that in the laboratory strain 
of rats about 7 to 8 per cent of the cholesterol carbon is derived from the 
carbonyl carbon atom of pyruvic acid. In this instance direct utilization 
of pyruvic acid is probable because, as has been shown, no conversion of 
pyruvic to acetic acid occurs in the laboratory strain. The extent of 
incorporation of pyruvic acid carbon atoms cannot be calculated in the 
Sprague-Dawley strain, as decarboxylation of pyruvic to acetic acid does 
occur for reasons mentioned above. 


TaBLe IV 


Isotope Concentrations of Liver and Carcass Cholesterol after Feeding Labeled Pyruwvie 
and Acetic Acids 


The results are expressed in per cent. 


Liver cholesterol Carcass cholesterol 


Daggenent Compound fed tiene : aay 
RIC CC RIC cc 
lg 2-C'4 pyruvie acid 0.39 0.85 0.10 0.28 
2 1-C* acetic es 0.66 1.5 0.10 0.23 
3t 2-C' pyruvic “ 0.16 0.31 0.14 0.28 
4¢ | 2.c% « a 0.09 0.18 0.08 0.15 
4t 1-C8 acetic zs 0.77 0.73 0.12 0.11 


5t 1-C pyruvic “ 0.14 0.13 


* Rats of the laboratory strain. 
+ Rats of Sprague-Dawley strain. 


’ 

From experiments in the Sprague-Dawley strain with carboxyl-labeled 
pyruvic acid, it appears probable that pyruvic acid as a whole is utilized 
to some extent for cholesterol synthesis. After feeding carboxyl-labeled 
pyruvic acid the “relative isotope concentration” of liver cholesterol was 
found to be about half of that which is obtained after administration of 
carbony]-labeled pyruvic acid. The low analytical value does not permit a 
quantitative evaluation of this finding but suggests at least a partial 
utilization of the carboxyl carbon atom of pyruvic acid. 

In view of the uncertainty of the contributions of the methyl carbon 
atom of acetic acid and of the methyl and carboxyl carbon atoms of py- 
ruvic acid in these experiments, the “concentration coefficients’’ only are 
reported in Table IV. It is therefore not possible to set up a complete 
carbon balance from the data. Other precursors can be involved to a small 
extent only in the synthesis of cholesterol. 
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The “relative isotope concentrations” of the carcass cholesterols are 
found to be only slightly lower than those of the liver cholesterols. Since in 
adult animals the isotope concentration of liver cholesterol is found to be 
several times the isotope content of carcass cholesterol, the liver has been 
suggested as the site of cholesterol synthesis (9). The similarity of the 
values found in the experiments reported here is most probably due to 
the use of growing animals. In an unreported experiment carried out with 
an adult rat under comparable conditions, the isotope concentration of the 
carcass cholesterol is only one-third of the liver cholesterol. 

Fatty Acids—Rittenberg and Bloch (5) have found that after feeding 
carboxyl-labeled acetic acid only the odd carbon atoms of the isolated 


TABLE V 
Isotope Concentrations of Liver and Carcass Fatty Acids after Feeding Labeled 
Pyruvic and Acetic Acids 
The results are expressed in per cent. 





Liver fatty acids Carcass fatty acids 
Experi- : , | | 
oy Compound fed Saturated Unsaturated Total Saturated 
No. pees Sees 


| CC sie Ea CC | SCC| RIC | Cc | SCC! RIC| cc | scc 


9 


re) 


1*  2-C™ pyruvic acid /1.1 2.3 iL. 50. 990.66)0.11,0.25,0.17.0.16.0.34.0.22 
2* | 1-C"4 acetic “ (0.71)1.6 Ih. = 490.49 0.06.0.13:0.13.0.050.110.11 
3¢ 2-C™ pyruvic “  (0.42/0. 83.0. 560.1 15}0.30.0.20.0.16.0.32,0.21'0.21/0.42\0.28 
4¢ | 2-C™ ‘i “ 10.4110.81/0. 5410. 20 0.39,0.26,0.15.0.30,0.20.0.200.40.0.27 
4+ | 1-C*® acetic . 1.7 |1.6 |1.¢ 6 (0.420.400. 40,0.29,0.29,'0.29 0.52 0.500.50 
5t | 1-C8 isin “10.0 | | | 


5 | 
6 


os 


7 Rats of the tieeabees strain. 
t Rats of Sprague-Dawley strain. 


fatty acids contained the label. They concluded that their finding made it 
mandatory to assume that fatty acids are synthesized from C, units, that 
acetic acid is a precursor for C2 units, and that the C2 units from acetic 
acid are utilized at random for the entire fatty acid chain. This concept 
necessarily requires formation of C. units from all other fatty acid pre- 
cursors and random utilization of these C, units. Rittenberg and Bloch 
considered that the C. units from acetic acid are not necessarily identical 
to the C, units from other precursors and suggested the formation of 
acylpyruvic acids as intermediates with subsequent decarboxylation of 
the condensation products. 

The experiments presented here are in full agreement with the hypothesis 
of Rittenberg and Bloch. The data are given in Table V. After feeding 
carboxyl-labeled pyruvic acid the isotope concentration of the liver fatty 
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acids was found to be negligible. From this result it can be concluded that 
only carbon atoms 2 and 3 of pyruvic acid are used in fatty acid synthesis 


Decarboxylations of saturated fatty acids isolated after feeding egy. 
bonyl-labeled pyruvic acid yielded carbon dioxide, the isotope concentration 
of which was about twice that of the fatty acids. This indicates that the 
carbonyl carbon atom of pyruvic acid is incorporated in a random manner 
into the odd numbered positions of the fatty acid chain (Table VI), Ae. 
cordingly, in Table V the “specific concentration coefficients”’ are calculated 
with f = 0.67. 


TaBLe VI 
Distribution of Isotopic Carbon in Fatty Acid Chains after Administration 
of Labeled Pyruvic Acid 


Isotope concentration 
Experiment 
No ‘ jaa 
Found Cali nated 
counis per min OUNLS per min 
Fj Saturated fatty acids, carcass 121 (a 
Carbon dioxide, decarboxylation 225 241f 
Ketone, decarboxylation 119 118t 
1 Saturated fatty acids, liver 87(a 
Carbon dioxide, decarboxylation 156 174 
Ketone, decarboxylation 90 S4t 
* In this experiment pyruvic acid was injected. 
+ Calculated from 6 = 2a. 
t Calculated from 6 = (32/33)a, assuming the average chain length of the fatty 


acids to be 17 carbon atoms. 


In the laboratory strain of rats, in which it is possible to calculate the 
isotope concentration of the pyruvic and acetic acid pools, an estimate 
of the extent of each compound as a precursor for the fatty acids of liver can 
be made. With a value of 1.9 days for the half life time of the liver fatty 
acids (4), about two-thirds of the maximum isotope concentration will have 
been reached in the 3 day feeding period. On this basis and from the 
isotope concentrations of the metabolic pools it is estimated that about 
one-sixth of the carbon atoms of the saturated liver fatty acids has been 
derived from pyruvic acid and about one-third from acetic acid; 7.e., the 
ratio of incorporation of pyruvic to acetic acid carbon atoms is about 1:2. 
This ratio which is independent of the half life time may probably be sig 
nificant for the mechanism of fatty acid synthesis. In the present experi 
ments acetic and pyruvic acids account for only about one-half of the 
carbon atoms of the saturated liver fatty acids. The remaining carbo) 
atoms may have originated from such unlabeled sources as the carcas 
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fatty acids or the dietary cod liver oil. On a completely fat-free diet a 
larger portion of the saturated liver fatty acids could possibly arise by 
synthesis. 

"The isotope concentrations of the unsaturated liver fatty acid have little 
significance in themselves because this fraction contains also the multiply 
unsaturated acids. The latter are essential; they are not synthesized in 
the animal (24) and therefore do not contain the label. The isotope con- 
centration of the oleic acids will therefore be considerably higher than the 
total unsaturated fraction and may even approach the tracer concentration 
of the saturated fatty acids in the liver. However, the ratio of incorpora- 
tion of pyruvic to acetic acid carbon into the unsaturated fatty acids can 
be determined. In the laboratory strain this ratio is about 4:5. It differs 
sufficiently from the ratio for the saturated acids to suggest a possible 
difference of the respective synthetic mechanisms (25). 

A similar estimation of the incorporation of pyruvic acid carbon into 
the liver fatty acids of the Sprague-Dawley rats cannot be carried out in 
view of the conversion of pyruvie acid to acetic acid in these animals. 
However, the comparison of isotope ratios gives some indirect information. 
In Experiment 4 (Table IV) in which pyruvic and acetic acids had been 
fed to the same rat, the ratio for liver cholesterol is 

CC (pyruvic acid) 
CC (acetic acid) 


= ().25 





for the saturated liver fatty acids (Table V) it is 
CC (pyruvic acid) _ 05 
CC (acetic acid) 
and for the unsaturated liver fatty acids (Table V) it becomes 
CC (pyruvic acid) _ 
(CC acetic acid) 

The higher ratios found in the liver fatty acids are most readily inter- 
preted by assuming direct incorporation of pyruvic acid carbon atoms. If 
the labeled carbon of pyruvie acid were to enter the isolated compounds 
only after conversion of pyruvic acid into acetic acid, an identical ratio in 
all metabolites would have to be expected. 

In both strains, the total and the saturated carcass fatty acids are 
found to have approximately identical isotope concentrations. As the 
carcass fat contains only a small quantity of multiply unsaturated fatty 
acids (26), the oleic acid fraction will have about the same isotope concen- 
tration as the saturated fatty acids. These results are in contrast to the 
experiments carried out with heavy water (27) in which the deuterium con- 
centration of the unsaturated fraction is considerably lower than that of 
the saturated fatty acids. This difference is not due to the use of growing 
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animals, because in the experiment with an adult rat under identical cond. T 
tions the total and saturated fatty acids also have identical isotope ¢op. the 
tents. It seems most plausible to attribute the variations of experiments 
with labeled hydrogen and labeled carbon to different mechanisms of 
synthesis of saturated and unsaturated fatty acids (25). Such differences C 
of the mechanisms were indicated by the unequal ratios of incorporation acid 
of acetic and pyruvic acid carbon atoms into saturated and unsaturated A 
liver fatty acids and might easily account for the unequal uptake of dev. wer 
terium from the body water. . 
' isole 
DISCUSSION It 
Considerable differences were observed after feeding labeled pyruvic aie 
acid to two strains of rats, the laboratory strain and the Sprague-Dawley i 
strain. In contrast the acetic acid metabolism proved to be nearly iden- acer 
tical in both. The differences observed in the two strains can be most _— 
readily accounted for, if the assumption is made that the Sprague-Dawley diet 
rats convert pyruvic acid to acetic acid on a high carbohydrate diet, tee 
whereas the laboratory rats do not do so. In this connection the observa- larg 
tion by Krahl and Cori (28) may be relevant. These authors found that T 
Sprague-Dawley rats are much more resistant to the production of alloxan 
diabetes, as measured by the increase of the blood glucose level, than 
another strain. It may perhaps be speculated that this observation can nt 
be attributed to two competing pathways of pyruvic acid metabolism; a 
namely, conversion to acetic acid and to glucose respectively. 4] 
Experiments with heavy water by Schoenheimer e¢¢ a/. had shown that 5. I 
on a high carbohydrate diet the depot fat turns over at a rate requiring the 6.8 
daily synthesis of considerable quantities of fatty acids from small mole- ne 
ewes. From similar heavy water experiments Stetten and Boxer (2) $ 
) concluded that 35 per cent of dietary glucose is metabolized by way of | 10. § 
fatty acids. However, the experiments with isotopic carbon reported here | 11. § 
lead to the conclusion that the conversion of carbohydrate to fat by way of 12. § 
pyruvic acid accounts for a small fraction only of the metabolism of dietary 13. F 
carbohydrate. The fate of the major part of carbohydrate metabolism 14. F 


remains unaccounted for. 
In the laboratory strain, pyruvic acid accounts for only about one-thid | 15. R 
of the carbon atoms of the saturated and for about four-ninths of the 


: : : a 16. 
unsaturated liver fatty acids synthesized. The other carbon atoms are : ; 
provided by acetic acid. In the Sprague-Dawley strain the metabolit , 4, , 
sequence 19. \ 

Carbohydrate —— pyruvic acid —— acetic acid —— fatty acids 
. 20. M 
> a 21. V 


may account for a somewhat larger part of carbohydrate metabolism. 
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The author is indebted to Mrs. Ruth Raper for valuable assistance in 
the course of this work. 


SUMMARY 


Carbonyl- and carboxyl-labeled pyruvic acids and carboxyl-labeled acetic 
acid were synthesized and fed to two strains of rats. 

Acetyl derivatives of p-aminobenzoic and y-phenylaminobutyric acids 
were extracted from the urine; glycogen, cholesterol, and fatty acid were 
isolated from the liver and cholesterol and fatty acid from the carcass. 

In the Sprague-Dawley strain conversion of pyruvic acid to acetic acid 
geems to occur. 

In the laboratory strain no significant conversion of pyruvic acid to 
acetic acid was found. An estimate of the pyruvic acid pool could be 
made, indicating that pyruvic acid is not in complete equilibrium with 
dietary carbohydrate. Pyruvic and acetic acid carbon atoms are incor- 
porated into fatty acids. On a quantitative basis acetic acid provides a 
larger number of carbon atoms for the fatty acids than pyruvie acid. 

The utilization of pyruvic acid as a precursor for cholesterol is small. 
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ON THE METABOLIC FATE OF PYRUVAMIDE AND 
ACETAMIDE* 


Br H. 8S. ANKER AND R. RAPER 


(From the Department of Biochemistry, University of Chicago, Chicago) 
(Received for publication, July 12, 1948) 


The method used for the synthesis of labeled pyruvic acid as reported 
in the preceding communication (1) involved the isolation of labeled pyru- 
vamide as an intermediate and suggested an investigation of the fate of 
this compound in relation to pyruvic acid. Pyruvamide showed a marked 
difference from pyruvic acid in its metabolic behavior. In addition, an 
experiment with labeled acetamide was carried out for comparison. 


EXPERIMENTAL 


The synthesis of pyruvamide and the isolation of body constituents 
were carried out as previously described (2). 

Acetamide—Carboxyl-labeled potassium acetate was converted to acetyl 
bromide (1) and this compound added to an excess of liquid ammonia. 
After evaporation of the excess ammonia, the residue was extracted with 
hot ethyl acetate from which acetamide crystallized out after cooling. 
Yield, about 50 per cent; m. p. 78-79°. 

Formic Acid—The urine was acidified with sulfuric acid, extracted with 
ether for 12 hours, and the ether extract evaporated to dryness. The 
residue was taken up in water, acidified, and treated with dinitrophenyl- 
hydrazine. The hydrazones were extracted with ethyl acetate and dis- 
carded. The remaining water layer was distilled with steam. The dis- 
tillate was neutralized with sodium hydroxide, concentrated to a volume of 
5 ml., and filtered. The p-bromophenacyl ester was then prepared as 
described by Hurd and Christ (3). 


Results 


Pyruvamide Feeding—Data showing the incorporation of isotopic carbon 
into a number of metabolites after pyruvic acid, pyruvamide, and acetic 
acid feedings to rats of a laboratory strain are presented in Table I. The 
significance of the isotope concentrations obtained in the various isolated 
compounds after administration of pyruvic and acetic acids has been 
discussed previously (2). In particular it was found that in the laboratory 
strain only a negligible amount of pyruvic acid is converted to acetic acid. 
_ *This work was supported by a grant from the United States Public Health 
Service. 
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It can be seen by inspection of Table I that in all isolated compounds the 
distribution of the labeled carbon from pyruvamide is practically identiea] 
to that found after the administration of aceticacid. The results, however, 
differ significantly from those obtained after feeding pyruvic ageid 
Pyruvamide in contrast to pyruvic acid is a source of acetyl groups fy 
acetyl-p-aminobenzoic acid exactly as is acetic acid. Pyruvic acid ¢op. 
tributes less labeled acetyl for the acetylation of y-phenylaminobutyric 
acid than does either acetic acid or pyruvamide. The isotope contents of 
glycogen and cholesterol, isolated from the liver, are similar after pyn. 
vamide and acetic acid feeding but differ distinctly from that obtained after 
administration of pyruvic acid. In experiments in which pyruvic aeid 


TABLE I 


Isotope Concentrations of Body Constituents after Feeding Labeled Pyruvic Acid, 
Pyruvamide, and Acetic Acid 





Relative isotope concentrations* 
after feedingt 
Compounds isolated 


Baily Pyruvamidet, Acetic acid 

per cent per cent per ceni 
Acetyl group of acetyl-p-aminobenzoic acid...... 0.10 2.1 3.5 
7 “_“ acetylphenylaminobutyric acid. . 1.3 2.6 2.7 
Liver glycogen........ viaet ends 0.12 0.05 0.03 
‘« cholesterol....... 0.26 0.54 0.66 


saturated fatty acids:.................4... 0.73 0.66 0.71 

* RIC = specific radioactivity of isolated compound 
specific radioactivity of fed compound 

+ 0.46 mo per day for 3 days. 

t Radioactivity of pyruvamide and pyruvic acid calculated as present in 2 carbon 

atoms only. 





and pyruvamide were injected rather than fed, a similar pattern of distribu- 
tion of the label was obtained. These results may be taken as evidence 
that pyruvamide undergoes splitting between carbon atoms | and 2 in the 
body and that this splitting reaction occurs at a considerably faster rate 
than hydrolysis to pyruvic acid. The possibility was tested that the 
splitting of pyruvamide yields, besides acetic acid, a fragment consisting 
of the carboxyl carbon and amide nitrogen, which could contribute to the 
synthesis of urea. Carboxyl-labeled pyruvamide was therefore fed. The 
results shown in Table II indicate that the isotope concentration of ures 
did not differ from that of the expired carbon dioxide. It is therefor 
unlikely that the carboxy! carbon of pyruvamide is a specific precursor 
urea. The analytical values from this experiment were considerably 
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below the isotope concentration of urea isolated after the administration 
of carboxyl-labeled pyruvic acid. This indicates that carbon atom 1 of 
pyruvamide is not readily converted to CO.. From the urine of Sprague- 
Dawley rats fed normal pyruvamide, formic acid could be isolated and 
identified in the form of its p-bromophenacy] ester. Sonne et al. (4) have 
shown that formic acid is not converted to carbon dioxide in the pigeon. 
The occurrence of formic acid in the urine after pyruvamide feeding to- 
gether with the low isotope concentration of carbon dioxide after feeding 
carboxyl-labeled pyruvamide suggests that the splitting of pyruvamide 
in the body yields acetic and formic acids as products. 

Pyruvamide in Liver Slices—The utilization of carbon atoms of pyru- 
vamide for the synthesis of fatty acids and cholesterol in vitro was deter- 
mined under conditions which permit the demonstration of fatty acid 
synthesis in liver slices.', The data are given in Table ITI. 





TABLE IIT 


Isotope Concentration of Urea and Respiratory Carbon Dioxide after Feeding Car- 
boryl-Labeled Pyruvamide 





Isotope concentrations 
after feeding carboxyl- 
labeled pyruvamide* 


atom per cent excess Ci’ 


ere OItOr Ba PSs oo b osc dee ve ae Cee. : 0.03 
ee OG ag re A Fe se 0.03 
La Se: So eens Serre a ee 0.00 

EPR REG EP TESS |. 5 555s 8 ado emanates Renee ath 0.03 
tS MRR eds. 14-d BRS OE eet eae ak Ce wa 0.00 


* 51 per cent excess C' in the carboxyl carbon. 


Bloch has shown that in this system the synthesis of cholesterol from 
labeled acetic acid in the presence of insulin is not materially changed by the 
addition of pyruvic acid. It can be seen from Table III that in the pres- 
ence of pyruvic acid the isotope is incorporated to a similar extent from 
labeled pyruvamide or labeled acetic acid into the isolated cholesterol. 
If both labeled acetic acid and unlabeled pyruvamide are present, the 
isotope concentration of the cholesterol is lower. If it is assumed that 
acetic acid and pyruvamide can be utilized interchangeably, as can be 
concluded from the fact that individually both are utilized to a similar 
extent for cholesterol synthesis, the lower isotope value will be due to 
dilution of the labeled acetic acid by carbon atoms derived from the un- 


labeled pyruvamide. The experimental data are consistent with this 
assumption. 


1 Bloch, K., private communication. 
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Bloch and Kramer (5) have also shown that in the presence of insulin the 
incorporation of isotope into the fatty acids from labeled acetic acid js 
considerably enhanced if unlabeled pyruvic acid is added to the medium, 
The data in Table III indicate that pyruvamide can, at least partially. 
replace acetic acid as a source of carbon atoms for the synthesis of fatty 


TaBLeE IIT 
Isotope Concentrations of Fatty Acids and Cholesterol after Addition of Laheled Pyry. 
vamide and Acetic Acid to Rat Liver Slices 
1.5 gm. of liver slices in 16 ml. of Krebs-Ringer bicarbonate buffer at pH 7.4, con. 
taining 0.8 unit of insulin per ml. Incubated for 3 hours at 37° in O.-COs». 
Isotope concentrations* after addition of 


Compounds isolated 0.12 mat 2-C4 0.12 mu 1-Ci* . 


pyruvamidet and acetic acid and aa = Cx . 
0.18 mm pyruvic 0.18 mM pyruvi ppcrtcrein n= and 0.18 
acid acid mM pyruvamide 
per cent per cent per cent 
a 6 a a one 0.07 0.18 0.008 
$300) Cc) ce) cate 0.8 + 0.3 Ov += 0.1 0.24 


* Per cent specifie radioactivity of added compounds. 
+ Radioactivity of pyruvamide calculated as present in 2 carbon atoms only. 


TABLE IV 


Isotope Concentrations after Administration of Labeled Acetic Acid and Acetamide 


Relative isotope concentrations*® after feedingt 
Compounds isolated aa 
Acetic acid Acetamide 
per cent per cent 
Acetyl group of acetyl-p-aminobenzoie acid 4.4 2.0 
Liver cholesterol ; 0:73 0.07 
saturated fatty acids 1.6 0.16 
Urea... 0.49 0.15 


* RIC specific radioactivity of isolated compound 


specific radioactivity of fed compound 
+ 0.46 mm per day for 3 days. 


acids. If in the experiments with labeled acetic acid normal pyruvamide 
is substituted for pyruvic acid, only a negligible uptake of labeled carbon 
into the fatty acids is observed. 

These results are in accord with those obtained in the feeding exper: 
ments in showing that pyruvamide in vitro acts similarly to acetic acid but 
differs considerably from pyruvic acid. In this series of experiments t00, 
pyruvamide seems to be split much faster than it is hydrolyzed. 
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Acetamide Feeding—The isotope concentrations obtained after feeding 
labeled acetamide and labeled acetic acid to Sprague-Dawley rats are 
given in Table IV. It can be seen that acetamide is only about one- 
tenth as effective as acetic acid as a precursor for fatty acids and cholesterol. 
This finding indicates that only a small fraction of acetamide carbon en- 
ters the acetic acid pool. The hydrolysis to acetic acid is probably a slow 
process. 

On the other hand, however, acetamide is quite efficiently used for the 
acetylation of p-aminobenzoic acid, a value of about one-half of the isotope 
concentration of acetic acid being obtained. As the low value of isotope 
incorporation into fatty acids and cholesterol excludes the fact that acetic 
acid is formed in large amounts from acetamide, the assumption may be 
made that acetamide is capable of acetylating p-aminobenzoic acid directly, 
ie. without prior hydrolysis. 


SUMMARY 


Evidence has been presented to indicate that in the intact animal pyruv- 
amide is split into acetic acid and formic acid, rather than hydrolyzed to 
pyruvic acid. The splitting reaction must occur at a fast rate. In liver 
slices pyruvamide can substitute for acetic acid as precursor for cholesterol 
and fatty acids. The significance of pyruvamide as a normal metabolite 
is unknown. 

Acetamide is only partially and slowly hydrolyzed to acetic acid. The 
possibility exists that it may acetylate p-aminobenzoic acid without being 
hydrolyzed. 
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NAPHTHOQUINONE ANTIMALARIALS 
XXI. ANTISUCCINATE OXIDASE ACTIVITY* 


By HANS HEYMANN? anv LOUIS F. FIESER 


(From the Chemical Laboratory, Harvard University, Cambridge) 
(Received for publication, May 10, 1948) 


F Ball, Anfinsen, and Cooper’ studied a few representative 2-hydroxy-3- 
alkyl-1 ,4-naphthoquinones under investigation as antimalarial drugs with 
results that indicated a probable parallelism between in vive activity in the 
inhibition of respiration of succinate oxidase and antimalarial activity as 
measured by assays in ducks. With kind guidance from Dr. Ball, we 
installed his test procedyre and have investigated the possible parallelism 
in further detail. 


EXPERIMENTAL 


The inhibitory effect of naphthoquinones on mixtures of cytochrome c 
and dehydrated succinate oxidase from beef heart in a phosphate buffer 
containing sodium succinate was studied manometrically according to 
Ball’s technique.’ The compounds studied will be indicated by their code 
numbers; the structures are given in Table I. A typical dehydrated enzyme 
preparation at a concentration of 900 mg. per liter respired at the rate of 
107 c.mm. per 30 minutes when freshly prepared, and at the rate of 86 
¢.mm. per 30 minutes 1 month later; as the aging progressed, more and 
more drug was required to produce 50 per cent inhibition of the oxygen 
consumption (e.g., 0.54 mg. of M-1916 per liter instead of the original 0.46 
mg. per liter). This effect seems attributable to the antagonism to drug 
action exerted by the increased amounts of enzymatically inert protein in 
the aged preparations. Thus portions of an old, completely inactive en- 
zyme preparation added to the test solutions of a fresh preparation and 
standard drug (M-1916) caused a progressive increase in the drug required 


* This work was done in part under a contract, recommended by the Committee on 
Medical Research, between the Office of Scientific Research and Development and 
Harvard University, and in part with the aid of a grant from the Rockefeller Founda- 
tion. 

With the technical assistance of Louise Wiarda and Jean B. Knowlton. 

Papers I to XVII, J. Am. Chem. Soc., 70, 3151-3244 (1948); Papers XVIII to XX, 
J. Pharmacol. and Exp. Therap., 94, 85-124 (1948). 

{ Present address, Department of Chemistry, University of Oregon, Eugene, 
Oregon. 

' Ball, E. G., Anfinsen, C. B., and Cooper, O., J. Biol. Chem., 168, 257 (1947). 
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to half inhibit the system, and added plasma protein exerts a similar 
antagonism. However, neither the variation in a given enzyme prepars- 
tion with time nor the variation from preparation to preparation was found 


TABLE I 


Relative Antirespiratory Activity in Inhibition of Succinate Oxidase 


Standard, M-1916 = 1. 


Code No. 2-Hydroxy-1,4-naphthoquinone, side chain 


M-2261 


— (CH.)3-a-Acenaphthy] 





M-295 —(CH:;)3-8-Tetralyl 

M-2254 —(CHy2)3-a-Naphthy!] 

M-2255 | —(CH2);-9-(1,2,3,4-Tetrahydrophenanthry]) 
M-2243 | —CH.,CH(CH;)CH).-Cyclohexy] 
M-297 | —(CH,)3-8-Decalyl 

M-333 | —CH,CH(CH;) (CH2)4CH(CHs)> 
M-1971 | —(CH:2)4-Cyclohexy] 

M-289 —(CH:) ;CH=CH, 

M-2257 —(CH2)3-5-Hydrindyl 

M-273 —C,9Ha1-n 

M-285 —CH,.CH(CH;)—C,H);3-n 

M-287 —(CH,);CH(CHs3)>2 

M-374 —(CH,)3-A?-Cyclohexenyl 
M-1714 —C,;H3)-n 

M-1936 —(CH2))2.-Cyclopentyl 

M-2246 —(CH:,)2,CH(CH;)-Cyclohexy] 
M-1916 —(CHz2)3-Cyclohexy] 

M-2237 | —(CH,)3—CesH4(CH3)2-2,5 
M-1933 —(CH»),CH(CH3;)(CH:2);CH(CHs)2 
M-1929 | —(CH,)4CH(CHs)2 

M-1944 | —CH(CH;)(CH:);CH(CHs)2 
M-2262 | —CH(CH;) (CH:2)2-Cyclohexyl] 
M-1955 | —(CH.)3;CeHs 

M-1711 —(CH:);CH(CHs)2 

M-2263 | —CH,-Menthy!] (Isomer B) 
M-1963 | & br a 
M-2264 | —Phytyl 

M-1523 | —CH.CH.CH(CH;s)>. 


M-1935 —C,H.Br-p 





Relative 
potency 
weight 
basis 
9.7 
6.6 
5.3 
5.1 
4.4 
4.3 
4.0 
3.8 
3.8 
| 
2.6 
ae 
2.2 
Ley 
1.2 
1.2 
Te 
1.0 
0.73 
0.59 
0.56 
0.35 
0.13 
0.11 
0.07 
0.07 
0.05 
0.04 
0.03 
0.02 


Activity 

against P 

lophurae, 
EDs» 


39.3 
>20 
>80 

17.4 

8.6 
y iy 

11.4 

14.3 

34.7 

20.4 

4.4 

16.4 

23.6 

43 

87 

39 

21.4 
>75 

13.9 

16.1 

5.6 


> 100 


68 
50 


to interfere with the determination of the potencies of a series of naphtho- 


quinones relative to that of the standard, M-1916. 


When the inhibitory 


effect of a given compound was studied, a parallel determination was always 
made of the effect of M-1916 on the same enzyme preparation, and a blank 
was run with each set of concentrations to offset variation in the concentra- 
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tion or activity of the different enzyme suspensions. The naphthoquinones 
give typical dosage-response curves that are linear up to about 70 per cent 
inhibition and then level off asymptotically. The drug activity is ex- 
pressed as the concentration (by weight) necessary to cause 50 per cent 
inhibition of respiration (LDj). The relative potency is given by the 
ratio of the LD» values found for M-1916 and the substance studied in 
parallel determinations. In a series of comparisons in which the LDs 
for M-1916 varied from 0.46 to 1.07 mg. per liter, the following values were 
found for the relative potency of M-297: 4.1, 4.5, 4.5, and 5.3. 


Results 


The activities found for twenty-nine naphthoquinones are listed in Table 
I in the order of decreasing relative potency. The in vivo activities against 
Plasmodium lophurae in ducks, as determined by A. P. Richardson, are 
reported in terms of the effective dose (EDy9;) (mg. per kilo) required to 
produce a 95 per cent reduction in parasitemia (see Paper II). Some cor- 
relations between inhibitory power and antimalarial activity (last column) 
can be discerned in a sharply defined series of compounds; for example, 
among the compounds with normal and isoalkyl side chains the activity 
increases With increasing carbon content from C; to Cs (0.03, 0.07, 0.56, 
2.2) and decreases from a Cyo chain (2.6) to a Cy; chain (1.2). The peak of 
antisuccinate oxidase activity seems to be about the same as that for anti- 
malarial activity, but beyond the peak the loss in activity with increasing 
molecular weight is less abrupt. The four compounds of highest anti- 
respiratory activity all have side chains of high carbon content (C3 to 
Cy). 

However, when the results are considered as a whole, certain glaring dis- 
crepancies are observed between the in vitro and in vivo activities. M-295 
is the second most active inhibitor and is 6.6 times as potent as M-1916, 
but it is only half as active as an antimalarial; M-1944 is only one-third as 
effective an inhibitor as M-1916 but is nearly 4 times as active as this sub- 
stance in the duck assays. As a further test of the validity of experi- 
mentation with this enzyme system, examination was made of several 
compounds differing significantly in structure from the hydroxyalkyl- 
naphthoquinones that show characteristic antiplasmodial activity. It was 
found that a hydroxyl or carboxyl group in the side chain results in a prac- 
tically complete loss in antirespiratory activity, as well as in antiplasmodial 
activity, and that the introduction of a methyl group into the benzenoid 
nucleus of an active hydroxyalkylnaphthoquinone destroys the antisuc- 
cinate oxidase activity, whereas methyl] substitution in the side chain has 
the opposite influence. In these subtle effects activity in the inhibition of 
succinate oxidase parallels antimalarial activity. However, M-1923, the 
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chloride of hydrolapachol (M-1523) was found to have an antirespiratory 
potency 4.5 times as great as hydrolapachol, and yet assays in ducks showed 
the compound to be completely inactive. Another probable discrepancy 
is that a-naphthoquinone showed marked activity as a respiration inhibitor, 
namely 46 per cent the potency of M-1916. It seems necessary to conclude 
that antirespiratory activity against the succinate oxidase system cannot 
be relied upon to give even an approximate index of antimalarial potency, 


SUMMARY 


Activity in the inhibition of the succinate oxidase system does not appear 
to provide a reliable guide to antimalarial activity in vivo. 














ar 











NAPHTHOQUINONE ANTIMALARIALS 
XXII. RELATIVE ANTIRESPIRATORY ACTIVITIES (PLASMODIUM 
LOPHURAE)* 
By LOUIS F. FIESER anp HANS HEYMANN 
(From the Chemical Laboratory, Harvard University, Cambridge) 
(Received for publication, May 20, 1948) 


In Papers XIX and XX of this series we have reported application of the 
procedure of Wendel’ for determination of the activities of 2-hydroxy-3- 
alkyl-1 ,4-naphthoquinones in the inhibition of respiration of parasitized 
red blood cells to the study of naphthoquinone-protein interactions and to 
the investigation of metabolic drug deactivation. The present paper 
reports the results of the determination of the biological activities of an 
unusually extensive series of related compounds made available by a war 
time research. 


Results 


The methodology was that described in Paper XIX. Table I records 
the antirespiratory activities of several series of compounds relative to that 
of compound M-1916. The relative potency is reported on a molar basis 
as calculated from the ratio, [Cs (M-1916)/JCs. (quinone studied), 
where JC is the molar concentration required to reduce respiration by 50 
per cent. When more than one determination was made, the average de- 
viation is recorded and the number of determinations is given in parentheses. 
In some instances the values reported are averages of fourteen to twenty- 
three comparisons that were conducted over a period of several months in 
the course of studies of protein antagonism and drug metabolism, and the 
average deviation is in the order of 15 to 25 per cent. For comparison with 
the molar in vitro activities in the inhibition of respiration of parasitized 
red blood cells, figures are given in the last column of Table I for the molar 
in vivo activities against Plasmodium lophurae in the duck relative to 


* This work was done in part under a contract, recommended by the Committee on 
Medical Research, between the Office of Scientific Research and Development and 
Harvard University, and in part with the aid of a grant from the Rockefeller Founda- 
tion. 

Papers I to XVII, J. Am. Chem. Soc., 70, 3151-3244 (1948); Papers XVIII to XX, 
J.Pharmacol. and Exp. Therap., 94, 85-124 (1948). 

With the technical assistance of Shirley R. Katz and Sally S. Shy. 

+ Present address, Department of Chemistry, University of Oregon, Eugene, 
Oregon. 

‘Wendel, W. B., Federation Proc., 5, 406 (1946). 


1363 

















1364 NAPHTHOQUINONE ANTIMALARIALS. XXII 


TaBLe [ 
Relative Activity in Inhibition of Respiration of Parasitized Red Blood 
(Plasmodium lophurae in Ducks) 
Standard, M-1916 = 1. 








Cells at 41° 


Gots | - ; Relative molar activity 
No. ide chain, type n Ss 
Antirespiratory* In vivo 
M-1709; —(CH:),CH; 3 0.05 + 0.01 (3) 0.1 
M-1710 4 0.15 + 0.02 (2 0.15 
M-268 5 0.5 + 0.02 (2 0.2 
M -260 6 0.5 + 0.09 (3)) 0.4 
M-271 7 13 + 0.1 3 0.6 
M -2275 8 2.1 +0.1 (3 2.5 
M-273 9 1.65 + 0.2 (4 14 
M-1926 10 3.1 +0.1 (5 0.6 
M -1928 1] 2.5 + 0.1 (3 0.9 
M-1924 12 1.6 + 0.2 (2 0.5 
M -2347 13 ro += ¢§.1 3 Feeble 
M-1714 14 0.51 + 0.05 (2 0.6 
M-1706 —(CH.),CH(CH;). 1 0.1 0 
M.-1523 2 0.3 0.3 
M-1711 3 0.4 0.25 
M-1929 4 1.4 La 
M -287 5 i oar 1.25 
M -2284 6 1.5 2.5 
M -300 7 1.6 2.3 
M -2287 8 3.2 1.8 
4 
M-1920 —(CH:),-Cyclopentyl 1 0.5 0.2 
M -2321 2 0.7 0.6 
M -2322 3 Lg ee 
M-2331 } i 1.3 
M-2335 5 LG fom 
M-1914. —(CH:2),-Cyclohexyl 1 1.4 0.35 
M-1915 Zz ry 0.9 
M -1916 3 1.00 1.00 
M-1971 4 LG = 0.1 2 2.0 
M -1956 5 Zo 0.5 
M -384 -(CH2),,-4’-Cyclohexyleyelohexyl-cis 1 4.6 + 0.2 (2) 2.75 
M -2329 z 8.7 + 0.2 (2 0.6 
M -2291 3 fea O:3°@ 1.9 
M-380 | —(CH:),-4’-Cyclohexyleyclohexyl-trans 1 4.2 3.8 
M-2330 2 4.6 i 
M-2292 3 6.5 3.8 











Code 
No. 





M-297 
M-22% 


M-26 
M-23: 
M-23) 
M-22! 


M-19 
M-22 
M-22 
M-23 
M-23 
M-23 
M-23 


M-17 
M-22 
M-22 
M-23 
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TABLE I—Continued 

















E (cas Relative molar activity 
Code Side chain, type i) 
- Antirespiratory® In vivo 
M-297 —(CH2);-8-Decalyl-trans 16 +0.3 (4) 2.9 
~ | y-2279 —(CH,)s-8-Decalyl-cis 4.1 +0.6 (5)| 7.2 
j M-266 | —Cyclohexyl 2.5 + 0.36 (14) 2.3 
“ M-2328, —8-Decalyl-cis 12.6 + 2.0 (4) 4.4 
M-2374. —8-Decaly]-trans 4.0 +0.2 (8) 1.8 
M-2293, —4'-Cyclohexyleyclohexyl-trans 4.8 +1.0 (9) | 36.2 
M-1955| --(CH,),CsHs 3 | 0.3 0.3 
M-2286 4 /)0.2 0.6 
M-2276 5 0.4 + 0.04 (2) 0.7 
M-2387 N 6 0.8 + 0.04 (2 
M-2386 711.6 + 0:1 @) 
M-2382 8 (1.7 +0.2 (3) 
M-2301 9/3.6 +0.4 (8) 1.95 
| 
M-1738| —(CH2),CcHsCl-p 1/0 0.2 
M-2289) 2/'0.7 +0.11 (14)) 1.2 
M-2260 3 /0.8 +0.1 (2) | 
M-2340) 5 | 2.5 0.9 
M-2344| 917.7 +0.2 (8) 3.1 
M-2358) —(CH,),CsH;Br-p 2 (| 0.4 0.9 
M-2341 5 | 2.9 <0.6 
M-2362 | 9 | 7.4 2.5 
M-2346) —(CH2)2CeHiCF 3-m 0.1 0.2 
M-2365) —(CH,).C6Hi0CF3-3’ 0.91 + 0.2 (3) 0.7 
M-2380, —(CH,),Cs>H,OC.H;-p 1 | 0.14 + 0.07 (5) 
M-2338 2,;2.88 +0.1 (6) 0.85 
M-2309 3 |4.6 +0.8 (23); 1.75 
M-2361) 4 ,0.9 + 0.07 (3) Feeble 
M-2345 § |2.5 +40.2 (4) “ 
M-2360 9 | 2.7 1.0 
| M-2331) —(CH,)s<C(OH)(CHs)2 0.2 + 0.01 (2) Weak 
| M-2343 —(CH,)sC(OH) (CyHo-n)2 2.1 +0.5 (8) 2.0t 
| M-2376, —(CH2)¢C(OH) (CeHis-n)2 0.1 + 0.02 (2) <1.6f 
M-2350, —(CH:)s<C(OH)(CsHi-n)2 3.4 +0.8 (16) 7.8t 
M-2367; —(CH,) sC(OH) (CeHj3-n) 1.3 40.1 (2) 5.5 
M-2363, —(CH:),CsH,OCH3-p 4 /0.3 + 0.04 (3) 0.5 
M-2357 5 0.8 1.4(?) 
M-2334 9 | 2.6 (2) 0.2 
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TABLE I—Concluded 


= Side chain, type ‘ Rela " t ; 
Ant ° ladle 

M-2233. —(CH:),CH(CH;)CO.H . 
—CH.CH(CH;)(CH:2),CO.H | 

M-2336 —(CH»);—CsHisOH-4’ 0.1 + 0.01 (4 
Isomeriec metabolite ape 

M-2342. —CO(CH.).CoHs a 

M-2349 —CO(CH2);—CoHi: : 

M-2352 (CH2),0OCcHs 6.2 + 0.15 (2)} 0.9 

M -2370 (CH) (OC sHiCeHs-p ; 

M-2353  —(CH.);CH=CH:, — - 


* The figures in parentheses refer to the number of determinations 
+ By intramuscular administration. 


M-1916; the calculations are based upon the best available ED,;. (corrected) 
(effective dose required to produce 95 per cent reduction in parasitemia) 
or EDs; values recorded in Paper IT. 

The results indicate that the zn vitro test affords a reliable means for the 
preliminary screening of new compounds. Among the 82 naphthoquinones 
studied, there is no instance of high zn vivo activity that is not reflected in 
high potency in the zn vitro test. No exact parallelism exists between the 
two sets of results, and indeed instances can be cited of wide divergences; 
for example, the cis-8-decalyl derivative M-2328 is 3 times as active in 
vitxo as in vivo, whereas the trans-4’-cyclohexyleyclohexy] derivative M-2293 
has an activity in vitro of only 4.8 as compared with the exceptional value 
of 36.2 in the duck assays. Nevertheless, even the exceptional M-2293 
would have been recognized as a compound of interest from the observation 
of an zn vitro activity 4.8 times that of M-1916. New compounds are now 
submitted for assay only if they exhibit high activity as respiration in- 
hibitors. 

Another important service of the antirespiratory activities is the dis- 
closure of significant biological potency that sometimes is not revealed by 
bird assays conducted by the usual method of oral administration. Thus 
the tertiary alcohols M-2343, M-2350, and M-2367 proved to be only feebly 
active against Plasmodium lophurae when given orally, but the high in 
vitro activities prompted reassay by the intramuscular route, and the 
compounds were found to possess high in vivo potency. The failure of 
these and other substances of high molecular weight and low solubility to 
produce any but a weak response in the oral assays very probably is at- 
tributable to faulty absorption; the in vitro test is thus of particular value 
because of the absence of the variable factor of absorption. A graphical 
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Fic. 1. Comparison of molar activities relative to M-1916 (ordinate), plotted 
against the number of carbon atoms in the side chain (abscissa). 


comparison of the relative molar in vivo and in vitro activities is given in 
Fig. 1 for seven series of naphthoquinones. The in vivo charts have a 
decidedly different character than those of Paper II in which the activities 
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are expressed on an absolute weight basis; in the chart of relative molar 
activities for the n-alkyl series, for example, the peak for the Cy side chain 
appears very much more pronounced and there is a less abrupt loss in actiy. 
ity from Cy on. Both sets of data are subject to considerable experimental 
error and to the uncertainties of biological variation; some of the in ping 
activities are based upon uncorrected EDs; values observed in a single 
assay, and some of the in vitro activities represent the results of a single 
series of Warburg determinations. Within the rather wide limit of toler. 
ances indicated, it can be concluded from the charts that when the napb- 
thoquinone side chain contains no more than about 10 carbon atoms the 
relative in vivo and in vitro activities show considerable correspondence, 
With an increase in the size of the side chain beyond this limit the in vitro 
activity continues to rise, probably as long as the naphthoquinone sodium 
salt possesses adequate solubility, whereas the zn vivo activity either falls 
off or increases to a lesser extent as the result of increasingly poor absorption 
from the gut. That members of the arylalkyl series having Cj; to Cy side 
chains are surprisingly high in in vivo activity may be associated with the 
greater hydrophilic character of this type of side chain, particularly when it 
contains a halogen substituent. 

The enhancement of both types of activity by a p-halo substituent is 
noteworthy. The activities of p-chloro- and p-bromopheny! derivatives 
parallel one another closely over a wide range of activity (0.2 to 7). The 
following comparisons can be made of the ratio of activity of a p-chloro 
compound to that of the p-bromo derivative: in vitro, 1.7, 0.9, and 1.0, 
average 1.2; in vivo, 0.4, 1.3, 0.9, and 1.2, average 0.95. Evidently chloro 
and bromo derivatives possess the same potency on a molar basis, and hence 
the chloro compounds would be given preference in practical therapy. One 
comparison of in vivo activities indicates that a p-iodo derivative corresponds 
to the chloro and bromo compounds in molar activity; two comparisons are 
in agreement in showing that p-fluorophenyl derivatives have only 40 per 
cent the molar potency of the chloro, bromo, and iodo analogues. 

Although the seven charts of Fig. 1 of relative in vitro activity may seem 
to conform to widely varying patterns, only one of them, that for the n- 
alkyl series, is extensive and complete enough to form a satisfactory basis 
for judgment. In this series the activity rises slowly and steadily to a peak 
at Cy and then increases further to progressively higher peaks at Cu and 
Cy;. The curve for the isoalkyl series starts off in a similar manner but 
extend only through one substantial peak (at Cio); those for the two 
cycloalkylalkyl series may represent merely the first parts of the curves of 
the n-alkyl type. The curve for the w-phenylalky! series, complete from 
Cy to Cys, shows an initial slow rise and then a surge to a possible peak; 
again there is a suggestion of conformance to the pattern of the n-alky! 
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series. ‘The p-phenoxyphenylalkyl series can perhaps be regarded as one 
having only two lower members before a Ci; peak is reached. 

On the assumption that the incomplete charts represent fragments con- 
forming approximately to the general pattern discernible in the n-alkyl 
series, it is understandable why an alternation in the in vitro activities of 
odd and even carbon homologues is observed in some series but not in 
others. Alternation occurs in the n-alkyl series, but only in the region Cs 
to Cy and not among the lower members. In the isoalkyl series a striking 
alternation is observed among the Cy, Cio, and Cy; derivatives. In the next 
four series of Fig. 1 the charts are incomplete in the region where alterna- 
tion could be reasonably expected. The data for the p-phenoxyphenylalkyl 
series cover this favorable region, and striking alternation exists from Cy 


TaBLe II 
Relative Susseptibility to Human Protein Antagonism 


| Relative anti 1Chumes 
Code No. | Side chain respiratory 
activity (duck) 1Cduck 
M-1926 | —CiHa-n 3.1 1.0 
M-1928 | —C,2Has-n 2:5 0.71 
M-1924 - C,3H.5-n 4.6 0.82 
M-2347 | —C,sHa7-n 1.9 0.97 
M-2338 | —(CH:)2.CeHsOC.H;-p 2:3 0.47 
M-2309 -(CH»);Cs5H,OC.H;5-p 4.6 4.1 
M-2361 | —(CH2)sCeHsOCeH;-p 0.9 0.41 
M-2345 | —(CH:2);C.sHsOC.H;-p 2:5 0.73 
M-384 —CH2,-4’-Cyclohexyleyclohexyl-cis 4.6 1.4 
M-2329 = —(CH2)s-4’-Cyclohexyleyclohexy]-cis 8.7 3.8 
ie 1.3 


M-2291 | —(CH,);-4’-Cyclohexyleyclohexyl-cis 


to Cy. Since the Cx homologue has an odd carbon side chain, similar to 
the peak C,; and Cz; members, it may represent a further peak of the 
incomplete chart. The extremely potent C,; p-chlorophenyl compound 
may bear a similar relationship to the Cy, homologue of its series. Another 
limited instance of alternation not shown in Fig. 1 is among the three 
cis-4'-cyclohexyleyclohexylalkyl derivatives, whose in vitro activities are 
4.6, 8.7, and 7.1; in the trans series no alternation was observed. Parallel 
alternations in zn vivo activity are apparent with the Cs to Cio n-alky!l com- 
pounds and with the Cy to Cys p-phenoxyphenylalkyl derivatives, whereas 
an alternation in the opposite sense is indicated for the three czs-4’-cyclo- 
hexyleyclohexyl compounds. The alternation in the in vitro activities is 
more profound, and the effect is of so striking a magnitude as to be indica- 
tive of a real phenomenon. Perhaps the odd or even character of the 
side chain determines firmness of binding to proteins. 
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The experiments reported in Table II were made to see whether alterna. 
tion could be detected in the antagonistic effect of human plasma proteins, 
The three series of homologues selected for study all exhibit striking alter. 
nation in antirespiratory activity in suspensions in duck serum. In the 
n-alkyl series such differences as were observed in the relative susceptibility 
to added human serum are within the limit of experimental error. [p 
the other two series a striking and consistent alternation was observed; 
odd and even homologues vary in susceptibility in some instances by a 
factor of 10. In each case the compounds that possess the peak poten- 
cies are the ones most strongly antagonized by human plasma proteins, 
The relationship is unfortunate from a practical point of view and demon- 
strates the importance of considering all available criteria for drug evalua- 
tion. That naphthoquinones particularly potent as respiration inhibitors 
are also highly susceptible to deactivation by specific proteins, presumably 
by virtue of a strong binding to the protein, suggests that the inhibitory 
action involves competitive protein binding; the drug action may therefore 
consist in combination with, and deactivation of, a respiratory enzyme. 


SUMMARY 


1. Comparison of relative zn vivo activities of 82 naphthoquinones with 
the relative antirespiratory activities of the compounds in suspensions of 
parasitized erythrocytes shows that the two manifestations of biological 
activity are not fully parallel but that the convenient in vitro test provides 
a reliable guide to members of the series likely to possess significant in vivo 
activity. 

2. In some of the series investigated, alternations for odd and even 
carbon homologues are observable both in the in vitro activities and in 
relative susceptibilities to human protein antagonism. Since the homo- 
logues of highest potency are those of greatest susceptibility, drug action 
apparently consists in combination with a respiratory enzyme and resulting 
deactivation. 
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THE NICOTINIC ACID, RIBOFLAVIN, p-AMINO ACID OXIDASE, 
AND ARGINASE LEVELS OF THE LIVERS OF 
RATS ON A PROTEIN-FREE DIET* 


By SAM SEIFTER, DAVID M. HARKNESS, LEONARD RUBIN, anv 
EDWARD MUNTWYLER 


(From the Department of Biochemistry, Long Island College of Medicine, Brooklyn, 
New York) 


(Received for publication, July 20, 1948) 


It is well established that in states of inanition and during periods of 
restricted protein intake animals suffer a loss of tissue protein, but the 
significance of this loss with relationship to enzyme activities and vitamin 
concentrations of tissue has not been clearly elaborated. In this respect, 
however, Potter and Klug (1) reported that the livers of rats maintained on 
a diet high in carbohydrate and low in protein or a diet high in fat and 
low in protein possessed diminished succinoxidase activity and decreased 
capacity for the oxidation of octanoate and citrate. Axelrod, Swingle, 
and Elvehjem (2), on the other hand, have reported an increase in the 
succinoxidase activity of livers from rats maintained on a restricted food 
intake for 3 weeks. 

Recently, in a more extensive study, Miller (3) reported that the ac- 
tivities of a number of enzymes, including catalase, alkaline phosphatase, 
xanthine dehydrogenase, and cathepsin, are decreased in the livers of rats 
fasted for a period of 7 days. The observed loss in enzyme activity ap- 
parently paralleled or exceeded the loss of liver protein, and accordingly 
this author concluded that the decrease in activity represented a loss of 
enzyme protein per se. Similar results were reported by Miller (4) with 
respect to rats maintained on a protein-free diet. 

A more quantitative relationship has been shown to exist between 
protein intake and liver arginase activity by Lightbody and Kleinman 
(5). These authors demonstrated that the liver arginase activity was 
directly related to the protein intake and the length of time the animals 
Were maintained on a particular dietary régime. This relationship was 
interpreted as expressing an adaptation of the arginase content to a need 
for the enzyme as determined by the amount of protein which the organ- 


* Aided by a grant from Wyeth, Incorporated, Philadelphia. A preliminary 
report of this work was presented before the American Society of Biological 
Chemists, Atlantic City, New Jersey, March 15, 1948 (Seifter, S., Harkness, D. M., 
Feldman, B., Rubin, L., and Muntwyler, E., Federation Proc., 7, 187 (1948)). 
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ism was required to metabolize. No attempt was made by these workers 
to correlate the observed changes with the concentration of liver proteip, 

A relationship likewise has been shown to exist between protein intake 
and the liver concentrations of certain B vitamins. Thus, Sarett and 
Perlzweig (6), Unna and coworkers (7), and Reisen, Schweigert, and Elve. 
hjem (8) have shown that the liver riboflavin is decreased in rats maintained 
on a low protein diet. On the other hand, Flinn and coworkers (9) observed 
an increase in the liver concentrations of nicotinic acid, pantothenic acid. 
pyridoxine, biotin, and vitamin B, in chronically undernourished animals, 

The present investigation was undertaken to determine (a) the nature 
of the relationship existing among the enzyme activities, vitamin concen- 
trations, and the protein levels of tissues, and (b) the effect that variations 
in the diet have on this relationship. More specifically, the study is 
concerned with the changes which occur in the D-amino acid oxidase and 
arginase activities and the riboflavin and nicotinic acid concentrations of 
the livers of rats maintained on a protein-free diet. These particular 
liver constituents were chosen for study because they include (a) an 
enzyme which requires a vitamin coenzyme, (b) an enzyme which re- 
quires no known vitamin coenzyme, and (c) two vitamins which are 
known to be components of various enzyme systems. 


EXPERIMENTAL 


Twenty-four male Wistar strain rats, between 16 and 23 weeks of age 
and weighing between 280 and 313 gm., were placed on a normal diet, 
adequate in all respects, for a period of 7 days. At the end of this time the 
animals were divided into three groups of eight animals each. Four 
animals in Group A were placed on a protein-free diet for a period of 7 
days. In a similar manner four animals in Group B were maintained on 
the same protein-free diet for 14 days. In Group C, four animals were 
kept on the protein-free diet for 21 days. In each group the remaining 
four animals served as pair-fed controls. 

The control diet consisted of commercial casein, 20 per cent; sucrose, 
65 per cent; corn oil, 10 per cent; Salts 4 (10), 4 per cent; and dried brewers’ 
yeast, 1 per cent. The protein-free diet was similar in composition ex 
cept that the casein was replaced with an equal amount of sucrose. In 
addition all animals received daily 2 drops of a vitamin supplement whieh 
furnished the following water-soluble vitamins in the amounts indicated: 
thiamine 25 y, riboflavin 30 y, nicotinamide 25 y, pyridoxine hydrochloride 
25 y, caleium pantothenate 200 y, choline chloride 10 mg., and inositol 3 
mg. Twice weekly all animals received 2 drops of a cod liver oil-vita 
min E supplement which furnished 200 U. 8. P. units of vitamin A, 2) 
U.S. P. units of vitamin D, and 1 mg. of a-tocopherol. 
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At the end of the indicated feeding period the animal was sacrificed by a 
sharp blow on the head; its liver was quickly excised and blotted free of 
adhering blood, and sampled immediately for the determinations outlined 
below. Water was determined by drying to constant weight at 103°, 
and fat by weight difference after extraction with ether. Nitrogen was 
determined on the dry, fat-free residue by the micro-Kjeldahl method. 
Glyeogen content, determined on the livers of some rats as mentioned be- 
low, Was measured by the method of Deane and his coworkers (11). Nico- 
tinic acid was determined microbiologically with Lactobacillus arabinosus as 
described by Snell and Wright (12). Riboflavin was determined micro- 
biologically with Lactobacillus casei as described by Snell and Strong (13). 
The microbiological procedures were carried out on an extract prepared 
by autoclaving a weighed portion of liver at 15 pounds for 30 minutes. 

Arginase activity wag measured on an aliquot of a liver homogenate 
equivalent to approximately 0.3 mg. of tissue. The method of Van Slyke 
and Archibald (14) was employed for the determination, the formed urea 
being determined colorimetrically by the method of Archibald (15). Ac- 
tivity is expressed in Van Slyke-Archibald units. 

In order to obtain maximum arginase activity, the liver aliquot was 
homogenized in 0.05 m MnSO, prepared in 0.9 per cent NaCl. It was found 
that the arginase activity as determined was dependent upon the length of 
time that elapsed between the killing of the animal and the initiation of 
the activation with manganese and also on the duration of the activation 
period. In order to keep these factors constant, and thus to obtain results 
on a comparable basis, a strict time schedule was adopted wherein homo- 
genization with the manganous sulfate solution was started 5 minutes after 
the death of the animal, and activation was allowed to continue for 10 
minutes before incubation with the substrate. 

p-Amino acid oxidase was determined by a modification of the method 
described by Rodney and Garner (16). The modified procedure involves 
the measurement of the amount of keto acid formed by a liver homogenate 
after incubation with pt-alanine at a concentration of 0.005 m. This 
method was checked against determinations made by measuring the 
oxygen uptake under similar conditions, and excellent correlation was 
found within a fairly narrow range of tissue concentration. The essential 
steps of the procedure are detailed below. 

The test system, contained in a 125 ml. Erlenmeyer flask, consisted of 
the following materials in the amounts indicated: 0.5 ml. of 0.04 m sodium 
arsenite prepared in 0.11 m NaCl, 0.5 ml. of 0.04 m pi-alanine, 2.0 ml. of 
Krebs-Ringer solution from which the calcium had been omitted, and 1.0 
ml. of a finely divided, well mixed, liver homogenate containing between 
100 and 200 mg. of tissue. A blank determination was prepared in the 
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same manner except that the pL-alanine was replaced by an equivalen} 
quantity of the Ringer’s solution. The remainder of the determination 
was then carried out by the method of Sealock (17). The air phase above 
the mixture in the flask was replaced by oxygen, the flask was stoppered, 
and the system then allowed to incubate at 37° for exactly 6 hours. At 
the end of this time the reaction was stopped by the addition of 1.0 ml, of 
20 per cent trichloroacetic acid, and 5 ml. of water were then added, 
The solution was filtered and the amount of keto acid formed was deter. 


TABLE I 
Water, Fat, Glycogen, and Nitrogen Contents of Livers of Protein-Deficient and Control 
Rats 
| - | Nitrogen 
; ‘2 % - Gly- : 
G « W Fat | O 
bis S . ¥ — On basis of On basis of aie 
lo fat-free solids wet tissue of fat and 
Zz glycogen 
gm. per kg. — oO Lo gm. per kg. mg. per gm Wr 4 
A Protein-free,7 | 4| 708.6 | 24.2 | | 9.45 25.20 
days (695-718) (18-33) | (9.0-10.5)| (23.7-27.8 
Pair-fed con- | 4 | 697.4 15.7 } 11.29 $2.25 
trol | | (689-713) (11-23) | | (9.9-13.1)| (29.5-34.6 
B Protein-free, | 4 687.1 | 58.1 | | 8.60 | 21.85 
| 14 days | | (671-700) | (31-67) | | (7-2-10.0)| (18.2-23.7 
Pair-fed con- | 4 698.9 | 11.5 | 11.82 34.14 
| trol (695-702)| (9-15) | (11.1-12.7)| (32.5-36.0 
C |Protein-free, 8 | 668.4 80.0 9.1%) 9.16 | 21.95 13 .90* 
21 days (636-694 )| (45-122) | (8-10)| (7.9-10.5)| (20.8-24.6) (12.9-14.9) | 
Pair-fed con- 8 | 696.3 16.4 3.8* | 12:80 33.59 13.70* 
trol — (9-29): | (2-5) |(10.4-12.7)! (30.1-36.8)) (13.3-14.0 








7 he esi s in parentheses represent thie range of the wiles 1g. 
* Four animals. 


mined on 1 ml. of the filtrate by means of a 2,4-dinitrophenylhydrazone 
procedure. The p-amino acid oxidase activity is expressed in micromoles 
of pyruvate formed per unit of liver under these conditions. 


Results 


Throughout the course of the study the experimental animals consumed 
an average of 11 gm. of food per day, and, on the average, lost 7 gm. iD 
body weight per week. The animals on the control diet, which were pair 
fed to the protein-restricted group, consumed an equal amount of food and 
gained, on the average, 3 gm. in body weight per week. 

The results obtained from the analyses of the livers of the proteil- 
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restricted and control rats for water, fat, and nitrogen are presented in 
Table I. Maintenance on a non-protein diet, under conditions of adequate 
caloric intake, resulted in a decrease in the concentration of liver protein 
as indicated by the amount of nitrogen obtained per gm. of liver. The rate 


TABLE II 
Nicotinic Acid and Riboflavin Concentrations and Arginase and p-Amino Acid Oxidase 
Activities of Livers of Protein-Deficient and Pair-Fed Control Rats 


Group (4 animals each Nicotinic acid | Riboflavin Arginase* p-Amino acid 


oxidase activityt 
y per | mg. per | y per | mg. per units — = | units | wumils per 
gm. | gm.N | gm. | gm. N per gm Seag A | per gm. gm. N 
A ee ae 
A Protein-free,7 days 102.0) 4.06 | 18.0$; 0.701f | 86§ 3.6§ | 15.0 596 
(95- | (3.8 1(17-  |(0.66— |(76 |(3.1- (12- | (489- 
\ ‘ | => ey ~ - 
104)} 4.4)} 19) | 0.77) | 95) | 4.0) 20 805) 
Pair-fed control 152.8) 4.75 | 26.6t] 0.824t | 4348 | 15.2§ | 34.6 | 1098 


(133- | (4.3— |(22- |(0.65— | (426- |(14.4— |(32- | (923- 
172)| 5.2)| 38) | 1.13) | 503)! 16.1) | 38)! 1212) 
B Protein-free, 14 79.5| 3.64 | 16.44] 0.734¢ | 1388 | 6.3 | 11.8| 529 
days (62- |(3.0- |(13- |(0.71- |(35- |(1.% | (S- (395- 
99) | 4.2)| 18) | 0.78) | 263)} 12.8)| 15) | 646) 





| 


Pair-fed control 139.1] 4.08 | 35.3 | 1.037 | 560$ | 16.4¢ | 39.2 | 1154 
(106- | (3.3- |(84- |(0.98- | (429- |(138.2- |(35- | (970- 
172)| 5.1)| 37) | 1.15) | 737)| 21.8) | 41) 1258) 


C Protein-free, 21 74.3) 3.42 | 17.8 | 0.825 | 103f| 4.8¢ | 11.9 529 
days (65- |(3.1- |(13— |(0.60- |(54- |(2.6- |(10- | (437- 

| 81) | 3.9)| 22) | 1.04) | 243); 11.6) | 15) | 653) 
Pair-fed control 147.2) 4.58 | 33.1} 1.015 | 383¢ | 12.1¢ | 43.1 | 1310 


(125- |(3.6— |(25- |(0.84- | (320- |(10.6— |(34- | (980- 
181)| 6.0)| 44) | 1.24) | 420)) 13 9) | 64 1802) 
| \ 





* The unit is defined as the amount of arginase which in 1 minute at 25°, at pH 
9.5, and substrate concentration of 0.285 m arginine will decompose 1 micromole of 
arginine to form 1 micromole of urea (see (14)). 

+ The activity is expressed here as units which are equivalent to the micro- 
moles of pyruvate formed under the conditions of the assay. 

t Three animals only. 

§ Two animals only. 


of decrease was greatest in the lst week of protein restriction; however, 
the maximum absolute decrease was already apparent in the animals on 
the diet for 14 days. The experimental animals maintained for 21 days 
showed no further loss of liver protein concentration as compared with the 
2 week group. 

The diminution of liver protein was accompanied by a steady fall in the 
water content of the liver and a steady rise in the liver fat. As can be 
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Fic. 1. Liver p-amino oxidase and arginase activities with respect to variations 
in liver nitrogen content. ©, Group A, protein-free diet; ©, Group A, contrd 
diet; 0, Group B, protein-free diet; &, Group B, control diet; ©, Group C, proteia- 


free diet; X, Group C, control diet. 


This change occurred even though all animals received 10 mg. of choline 


chloride per day. 





seen, the liver fat increased from about 1.5 per cent in the control animals | 7 
to 8 per cent in the animals subsisting on the protein-free diet for 21 days. 
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The reduction in the nitrogen content of the fat-free liver solids in the 
groups of animals on the protein-free diet, which becomes apparent when 
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Fig. 2. Liver nicotinic acid and riboflavin concentrations with respect to varia- 


tions in liver nitrogen content. For interpretation of reference points see the legend 
to Fig. 1. 


comparison is made with the pair-fed controls, was most probably due to 
an increase in the liver glycogen. In evidence of this, Table I includes 
the values for liver glycogen of eight additional rats which were maintained 
on the same dietary régimes as the animals in Group C. The data show 
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that the animals on the protein-free, high carbohydrate diet had an average 
liver glycogen content of 9 per cent as compared with the figure of 4 per 
cent for the control group. 

The results obtained from the analyses for riboflavin, nicotinic acid, 
D-amino acid oxidase, and arginase are presented in Table II. As in the 
case of the changes in protein concentration of the liver, protein restriction 
resulted in a decrease in the liver concentration of nicotinic acid and 
riboflavin as well as in the activities of the two enzymes. The diminution 
in the amounts or activities of these substances in all cases exceeded the 
decrease in the concentration of liver protein. This may be seen by 
comparing the values obtained per gm. of nitrogen in the protein-re- 
stricted groups with those obtained in the pair-fed controls. On this basis, 
the magnitude of decrease was considerably greater in the case of the en- 
zymes than in the case of the vitamins. 

The actual levels of the activities of p-amino acid oxidase and arginase 
were found to be directly related to the concentration of protein in the 
liver, as is shown in Fig. 1; here is shown the best straight line for the 
plot of enzyme activities against nitrogen per gm. of liver. From Fig. 1 it 
can be seen that a decrease in the liver protein concentration was accom- 
panied by a decrease in the activities of these two enzymes. However, the 
rate of diminution of enzyme activity appears to have exceeded the rate 
of reduction in the liver protein as evidenced by the failure of the curve 
to go through the origin upon extrapolation to an enzyme activity of zero. 

As is shown in Fig. 2, a similar type of relationship was observed to 
exist between the concentration of liver protein and the concentrations 
of riboflavin and nicotinic acid. As in the case of the enzymes, the levels 
of these two vitamins were directly related to the level of protein in the 
liver. This relationship was seen to hold, although the intake of these 
vitamins for all animals was maintained constant at a supposedly adequate 
level. Also, as was found with respect to the enzymes, the rates of decrease 
in the concentrations of riboflavin and nicotinic acid in the liver were 
greater than the rate of reduction in the protein concentration. 


DISCUSSION 


The increase in liver fat which, in the present study, was found to 
accompany protein restriction in the diet, is similar to the findings of 
Reisen and coworkers (8) for rats receiving a low protein diet and com- 
parable amounts of choline. That such an increase is not due to a de- 
creased intake of methionine per se was shown by these workers. In 
their experiments, for instance, the incorporation of this amino acid into 
the low protein diet at a level equivalent to the methionine content of 
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3 20 per cent casein diet did not cause a lowering of the level of liver 
fat. 

The decrease in the liver concentration of protein encountered in ani- 
mals on a protein-free diet under conditions of adequate caloric intake 
is in marked contrast to the protein changes which apparently occurred in 
the livers of fasted rats as observed by Miller (3). For a given enzyme 
one may take the figure reported by this author for units of enzyme activ- 
ity per gm. of liver and divide it by the reported figure for units of ac- 
tivity per gm. of liver protein. This result, divided by the factor 6.25, 
then yields a figure representing the concentration of nitrogen in the partic- 
ular livers under consideration. Such an analysis of Miller’s data shows 
an increase in the nitrogen concentrations of the livers of the fasted ani- 
mals (36 mg. of nitrogen per gm. of liver) as compared with the control 
animals (32 mg. per gm. of liver). 

The diminution in the activities of D-amino acid oxidase and arginase 
with dietary protein restriction is in agreement with the results obtained 
by Potter and Klug (1) with respect to the capacity of livers obtained 
from rats which had subsisted on a low protein diet to oxidize succinate, 
citrate, and octanoate, and, further, is consistent with the results of Miller 
(4), who found a similar decrease in the activities of five liver enzymes 
in animals fed a non-protein diet. The changes which have been reported 
with regard to the enzyme activities of the livers of fasted and under- 
nourished animals (2, 3) would appear to indicate that the mechanisms 
involved in producing these changes differ from those operating in causing 
the changes observed in animals restricted only with respect to dietary 
protein. Furthermore, the direct relationship between enzyme activity 
and liver protein concentration, as found in the present study, does not 
necessarily hold in the case of fasting animals. Thus Miller (3) has found 
that the xanthine dehydrogenase and catalase activities of the livers of 
fasting animals may be found to decrease, even though appropriate cal- 
culations, as explained previously in this discussion, indicate that the pro- 
tein concentration increases. 

Since riboflavin is an integral part of the coenzyme necessary for the 
activity of p-amino acid oxidase and since the riboflavin concentration in 
the liver decreased on a non-protein diet, it would appear quite possible 
that the changes in p-amino acid oxidase activity observed in this study 
could be due to a decrease in coenzyme concentration. However, since a 
similar decrease was encountered in the activity of the enzyme arginase 
which does not require a vitamin cofactor for its activity, it is more likely 
that the diminution in activity of both enzymes represented a loss in 
enzyme protein per se. In this regard it is interesting to note that Lan 
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(18) has reported that rats bearing transplanted hepatomas showed 
greater decrease in the activity of liver p-amino acid oxidase than of the 
liver concentration of the coenzyme. 

The observed changes in the riboflavin and nicotinic acid concentrations 
in the liver would appear to indicate that the levels of these vitaming jn 
the liver are independent of the intake over and above a certain minimum 
requirement, but rather depend largely on the level of tissue protein, Ip 
the case of riboflavin this observation is supported by similar findings 
which have been reported by other investigators (6-8). 

The direct relationship which was found to exist between the concen- 
tration of liver protein and the levels of riboflavin and nicotinic acid sug: 
gests that these vitamins exist in a combined form in the liver and are 
not present as the free vitamins. Such an observation with respect to 
nicotinic acid has previously been made by Robinson and his coworkers 


(19). 


SUMMARY 


The effects of feeding rats a diet free of protein for varying periods of 
time have been studied with respect to the concentration of protein, ribo- 
flavin, and nicotinic acid, and the activities of D-amino acid oxidase and 
arginase in the livers of these animals. 

Maintenance of rats on a protein-free diet caused a decrease in the con- 
centration of liver nitrogen, a decrease in the liver water content, and an 
increase in the liver fat. 

Animals subsisting on a protein-free diet possessed diminished liver 
arginase and pD-amino acid oxidase activities and decreased liver con- 
centrations of riboflavin and nicotinic acid as compared with pair-fed 
controls. ‘These decreases exceeded the loss in liver nitrogen. 

The activities of D-amino acid oxidase and arginase and the levels of 
riboflavin and nicotinic acid in the liver have been shown to be directly 
related to the concentration of liver nitrogen under the conditions of these 
studies. 

The significance of these observations is discussed. 
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A summary of the little that is known of the metabolism of lysine in 
animals is as follows: it is indispensable in the diet, its a-amino group does 
not participate in reversible transamination reaction in vivo (2), neither the 
L nor D form is attacked by the appropriate amino acid oxidase, certain 
enitrogen-substituted derivatives can replace lysine in the diet and their 
a-amino groups are oxidized by amino acid oxidases (3, 4), no a-nitrogen- 
substituted derivatives yet prepared can substitute for lysine in the 
diet (4-6). 

Partly because so little was known, we have undertaken a study of the 
metabolism of lysine with the use of C as a tracer. The amino acid was 
synthesized with the isotope in the e position and resolved into its L and p 
isomers. In order to observe in an initial exploration as many aspects of 
its metabolism as possible, one or the other isomer was made into a mixture 
with unlabeled amino acids, corresponding to the composition of casein, 
and incubated with guinea pig liver homogenate under different conditions. 

The present communication deals with the finding of a-aminoadipic acid 
as a product of the degradation of lysine. 


Preparations 


Synthesis of C'-Labeled Lysine—The steps in the synthesis are sum- 
marized in the following diagram; the position of the C™ is indicated by 
an asterisk. 


BaC*O; — C*O, — KC*N — NC*-CH,-CH:-CH:Cl (y-chlorobutyronitrile) 

~ NC*-CH,»-CH:-CH2-CH-(COOC;Hs)2 (Diethyl (3-cyano-n-propyl) malonate) 
~ NC*-CH,-CH»-CH.-C(=NOH)-COOC2H; (ethyl 2-oximido-5-cyanovalerate) 
~ H,N-H,C*-CH.-CH,-CH,-CH(—NH.)-COOH (pt-lysine) 





* This work is a part of that done under contract with the Office of Naval Research, 
United States Navy Department. A summary of this work has been reported (1). 

The C¥ used in this investigation was supplied by the Monsanto Chemical Company, 
Clinton Laboratories, Oak Ridge, Tennessee, and obtained on allocation from the 
United States Atomic Energy Commission. 
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KC*N—309.8 mg. of BaC*O; was converted to KC*N by the method of 
Cramer and Kistiakowsky (7) and Loftfield (8, 9). The strongly alkaline 
solution obtained after decomposition of the excess potassium was con- 
centrated to 4.7 gm. 90 per cent of the radioactivity was incorporated 
into the KC*N. 

y-Chlorobutyronitrile*—KCN was converted to y-chlorobutyronitrile by 
a modification of the procedure previously described (10). To the KC*N 
were added 1.253 gm. of inactive KCN dissolved in 4 ml. of HO and 28 wl, 
of absolute ethanol. The solution was titrated slowly at 0° to pH 108 
with 6N HC];3.8 ml. were consumed. The glass electrode was washed with 
2 ml. of H.O and the washings added to the solution, which was then 
refluxed with 19.2 gm. of trimethylene chlorobromide with vigorous stir. 
ring for 53 hours. After cooling, the solution was diluted with 45 ml. of 
water, and the two layers separated. To the lower layer was added a 
chloroform extract (12 ml.) of the top layer. The mixture was washed 
with 10 ml. of a 16 per cent CaCl, solution, then with 3 ml. of water, and 
dried over fused CaCl. The chloroform was removed by distillation at 
atmospheric pressure, and the residue distilled in vacuo; the product ob- 
tained at 89-93° and 24 mm. was used for the next step. Yield, 1.535 gm,, 
or 75 per cent. 

Diethyl (3-Cyano-n-propyl) Malonate*—From the nitrile, pt-lysine was 
prepared by a modification of the method of Fischer and Weigert (11). 
1.0 gm. of sodium in a Carius tube was dissolved in 10 ml. of absolute 
ethanol. After cooling there were added 13.3 gm. of diethyl malonate, 
then a mixture of 13.3 gm. of diethyl malonate and 2.74 gm. of chloro- 
butyronitrile*, followed by 13.3 gm. of diethyl malonate. The tube was 
sealed and heated for 15 hours at 95-98°. Ethanol, malonate, and remain- 
ing nitrile were removed by steam distillation, the residue extracted with 
ether, and the ether extract dried over potassium carbonate for 15 minutes, 
filtered, and distilled at 0.6 mm. Yield, 5.20 gm. (86 per cent); bp. 
128-131° at 0.5 mm. 

Ethyl 2-Oximido-5-cyanovalerate*—0.166 gm. of sodium was dissolved in 
2.64 ml. of absolute ethanol and cooled to —18°. A mixture of 1.13 nl. 
of ethyl nitrite with 1.628 gm. of cold diethyl (3-cyano-n-propy!) malonate*, 
cooled to 0°, was then added dropwise into the ethylate solution and washed 
down with 0.66 ml. of cold absolute ethanol. After standing for 21 hours 
at —15° to —10°, the alcohol was removed at room temperature 7m vacuo. 
The residue, dissolved in 10 ml. of water, was extracted with 5 ml. of ether, 
and the ether washed with two 1 ml. portions of water. The combined 
aqueous solutions were cooled in ice, acidified with 10 per cent sulfuric aeid, 
and extracted with ether. After removal of the solvent in vacuo and drying 
over sulfuric acid, the ester crystallized. Yield, 1.195 gm. (90.5 per cent). 
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pi-Lysine*—In a flask with a reflux condenser 1.252 gm. of ethyl 
9-oximido-5-cyanovalerate* were dissolved in 100 ml. of absolute ethanol, 
and 10 gm. of sodium added in small pieces as rapidly as possible. After 
75 minutes the metal was almost completely dissolved. 10 ml. of water 
were added, and the solution refluxed for 45 minutes. It was then cooled 
in ice and acidified by adding 50 per cent H2SO, slowly with vigorous stir- 
ring. The sodium sulfate was filtered off and washed several times by 
suspension in 95 per cent ethanol. Filtrate and washings were concen- 
trated in vacuo, and the residual alcohol removed by steam distillation. 
The remaining aqueous solution was made alkaline to phenolphthalein 
with barium hydroxide, boiled, and the barium sulfate filtered off. The 
excess barium was removed with carbon dioxide and the filtrate concen- 
trated to a syrup in vacuo. The syrup was taken up in ethanol, and a 5 
per cent alcoholic solution of picric acid added dropwise with stirring until 
further addition caused no more turbidity. After standing at 0° overnight 
the crude picrate was filtered off and washed with cold absolute ethanol 
and ether. After two recrystallizations, first from 10 ml. and then from 
5 ml. of hot water, 0.656 gm. of lysine* picrate was obtained. Yield, 
26 per cent. 

The picrate was converted to the hydrochloride by dissolving it in 13 ml. 
of hot water and 2.3 ml. of concentrated HCl. After the solution was 
cooled, the picric acid was extracted with ether. The aqueous phase, on 
evaporation zn vacuo and drying over H.SO, and NaOH, gave pt-lysine 
dihydrochloride* in quantitative yield. 

Resolution of pu-Lysine*—The pt-lysine was resolved by the carbo- 
benzoxy-aniline-papain method of Bergmann et al. (12-14). 

Carbobenzoxy-pL-Lysine*—0.430 gm. of pt-lysine* dihydrochloride was 
dissolved in 2.9 ml. of 2 N NaOH and cooled in ice. 1.1 ml. of carbobenz- 
oxychloride and 2.3 ml. of 4 N NaOH were added in four portions, and the 
mixture shaken vigorously for 25 minutes while cooling in ice. After ex- 
traction with ether the aqueous phase was acidified with HCl and the 
carbobenzoxylysine taken up with ether. It weighed 0.733 gm. after 
evaporation and drying in vacuo; m.p. 100-103°. 

Carbobenzoxy-L-Lysine Anilide*—0.730 gm. of carbobenzoxy-pL-lysine* 
was dissolved in 1.9 ml. of N NaOH and 1.8 ml. of water. To this solution 
Were added 0.46 ml. of aniline, 7.1 ml. of a 0.3 per cent aqueous solution 
of cysteine hydrochloride, 8.2 ml. of citrate buffer solution (pH 5.0), 16.4 ml. 
of water, 2.5 ml. of a solution of 0.100 gm. of papain in 2 ml. of water, and 
2 ml. of citrate buffer. After incubation at 40° for 19 hours, the L-anilide 
Was filtered off and washed once with 1 per cent potassium bicarbonate 
solution and thrice with water. Yield, 0.465 gm. Recrystallized from 
50 per cent ethanol, it melted at 121-122°. 
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Analysis—C2sH3:0;N:2 (489.55). Calculated. C 68.70, H 6.38, N 8.59 
8 





Found. ‘© 68.65, ‘‘ 6.65, ‘* 8.75 

i-Lysine Dihydrochloride*—The anilide was refluxed with 4.5 ml. of 6y | 
HCI for 2 hours. After cooling, the mixture was diluted with 30 ml, g | 
water and made alkaline with freshly prepared silver oxide. After the | 
silver chloride and excess silver oxide were filtered off and washed with | 
water, the filtrate was extracted with ether. The clear aqueous phase wa; | 
concentrated in vacuo to 20 ml., acidified with HCl, and allowed to stand 
for 30 minutes with occasional shaking. After filtration the liquid wag 
evaporated to dryness in vacuo over NaOH and H.SO, to give a quantita. 
tive yield of lysine dihydrochloride. [a] 23 — +15.95°, in water;c = 5.46, 
Berg (15) reports rotations from +15.63° to +16.55° for values of ¢ from 
3.00 to 16.00. 

p-Lysine Dihydrochloride*—The filtrate (without washings) of the 
L-anilide was incubated with 25 mg. of papain for 5 days at 40°. Afte 
removing the precipitated mixed L- and p-anilides, the filtrate was acidified 
with HCl and extracted with ether. 0.243 gm. of carbobenzoxy-p-lysine 
remained upon evaporation of the solvent. After refluxing with 3.0 nl. 
of 6N HCl for 2 hours, extraction with ether, and evaporation of the aqueous 
phase, 0.130 gm. of p-lysine dihydrochloride was obtained. This was 
recrystallized from ethanol and yielded 99 mg. of purified material. [aly = 
—13.5°, in water; c = 4.47. The rotation corresponds to approximately 
92.5 per cent p and 7.5 per cent L form. 


Analysis—C,H1,O:N2-2HCl. Calculated. N 12.79, Cl 32.36 
Found. “¢ 12.44, ‘* 31.82 


The total average yield of L- and p-lysine dihydrochloride obtained in 
several complete runs was 6 per cent, calculated on the KCN used. In 
an experiment in which BaCO; containing 4 millicuries of radioactivity was 
used, 230 mg. of t-lysine dihydrochloride with a specific radioactivity a 
24,000 counts (corrected) per minute per mg. were obtained. 

All the radioactivity measurements are expressed as counts (corrected) 
per minute. They were obtained with standard sample geometry, and 
corrected for background and resolving time. By means of empirically 
determined curves of self-absorption loss in different thicknesses of sample, 
they were corrected to maximum specific activity (16). 

pi-a-Aminoadipic Acid—pu-a-Aminoadipic acid was prepared by a mot 
fication of the method of Sorensen (17). 1.228 gm. of chlorobutyronitrle 
and 2.060 gm. of diethyl sodium phthalimidomalonate were refluxed in 
bath at 160-165°. After 4 hours the alkaline reaction had disappeared, 
and the excess nitrile was removed by steam distillation. The residue wa 


cooled in ice and washed with water several times by triturating and decatt | 








cific 


hjer 
live 
0.0! 


qua 
spo 


the 
€p 








| 
| 


6x 
of | 
the | 
vith | 
Was 


din 
In 


yal | 


ted) 


cally 
aple, 


10di- 
itrile 
in a 


ured, | 


Was 


ante | 





BORSOOK, DEASY, HAAGEN-SMIT, KEIGHLEY, AND LOWY 1387 


ing. It weighed 2.050 gm. after drying. After solution in 12.5 ml. of 
absolute ethanol, it was heated under a reflux on a steam bath with 11 ml. 
of 4N NaOH for 3 hours. 16 ml. of concentrated HCl were then added, 
the heating continued for 3 hours, and the solution evaporated on the 
steam bath. The residue was cooled in ice and extracted by repeated 
washing with ice-cold 33 per cent hydrochloric acid. The solution was 
filtered through a coarse fritted glass funnel, and evaporated. The residue, 
weighing 1.206 gm. after drying over H»SO, and NaOH, was dissolved in 
2.5 ml. of water, filtered into a 10 ml. beaker, and washed with 1.3 ml. of 
water. The aminoadipic acid was precipitated by titrating to pH 3.1 with 
5n NH,OH. After standing for 4 hours at 22°, it was filtered off and 
washed with a few ml. of water, alcohol, and ether. Yield, 0.629 gm. 
(62 per cent based on diethyl sodium phthalimidomalonate). 

The a-aminoadipic acid was resolved in the same manner as was lysine 
by the carbobenzoxy-anilide-papain method of Bergmann. 

Carbobenzoxy-DL-a-aminoadipic acid, m.p. 124°. 

Analysis—C14Hi:06N (295.28). Calculated. C 57.28, H 5.82, N 4.75 

Found. ‘* 57.08, ‘* 5.84, ‘* 4.89 


Carbobenzoxy-L-aminoadipic acid anilide, m.p. 170-171°. 


Analysis—C29H220;Ne2 (370.39). Calculated. C 64.85, H 5.99, N 7.56 
Found. “* 65.56, ‘* 6.04, ‘* 8.30 


The L-a-aminoadipic acid melted at 205° with decomposition. Its spe- 
cific rotation was [a] = +33.9°, in 6Nn HCl; c = 5.49. 


Analysis—C,H,,0,N (161.17). Calculated. C 44.72, H 6.88, N 8.70 
Found. ‘* 44.83, “* 6.81, ** 8.65 


Procedure 


Guinea pig liver was homogenized in the apparatus of Potter and Elve- 
hjem (18) with a volume of saline solution equal to twice the weight of the 
liver. The composition of the saline solution was as follows: 0.123 m NaCl, 
0.0128 m NasHPO,, 0.005 m KCl, 0.0033 m MgSO,. Unless stated other- 
wise the pH was 7.5. 

The reaction mixture consisted of 2 ml. of homogenate, a sufficient 
quantity of a mixture of amino acids to provide a final concentration of 
1.2 per cent, and 0.01 m a-ketoglutarate. The amino acid mixture corre- 
sponded approximately to the composition of casein. All of the lysine 
therein contained (10 mg. of the dihydrochloride) was labeled in the 
€ position with C™ (7400 counts (corrected) per mg. per minute). The 
final volume was 4 ml.; KOH was used for the neutralization. 

The reaction mixture was incubated at 38° under oxygen for 6 hours, 
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after which the pH was adjusted to 5.0. The mixture was then placed 
in a boiling water bath for 10 minutes, filtered, the coagulated protein 
thoroughly washed with water, and the washings added to the main filtrate. 
The non-protein filtrate thus obtained was concentrated in vacuo. 


Results 


A small fraction of the non-protein filtrate from an experimental ryp 
conducted at pH 7.5 was chromatographed on filter paper with phenol and 
s-collidine, and the paper treated with ninhydrin (19). Two radioactive 
ninhydrin spots were found, one in the position of lysine, the other of 
glutamic acid. The radioactivity in the latter spot excluded its being 
glutamic acid, as the probable mechanism for the conversion of lysine to 
glutamic acid entails cleavage of the radioactive e-carbon of lysine. It 
seemed likely that the substance in question was a-aminoadipic acid, 
C*OOH - (CH2)3- CH(NH:2)-COOH, derived from lysine. 

Accordingly, a-aminoadipic acid was synthesized and chromatographed 
on filter paper. It gave the same chromatogram as the unknown radio- 
active substance. 

This lead, that the radioactive substance in question might be a-amino- 
adipic acid, was followed. The main portion of the non-protein filtrate, 
from a reaction mixture to which 20 mg. of radioactive L-lysine dihydro- 
chloride had been added, was hydrolyzed by boiling overnight with 20 per 
cent HC] in order to hydrolyze any peptides present. The latter step was 
necessary for satisfactory chromatography on Lloyd’s reagent (20); it 
also converted any of the piperidone of a-aminoadipic acid, which might 
have been formed, to the straight chain.' After removal of the HCl by 
distillation, the hydrolysate was chromatographed on Lloyd’s reagent. 
The fraction containing all the amino acids except the bases had about 4 
per cent of the radioactivity originally added as lysine. It was concen- 
trated to dryness, extracted with ether, and the residue taken up in water 
and decolorized by boiling with charcoal. The combined filtrate and 
washings were evaporated to dryness, taken up in 3 ml. of water, and treated 
with solid Ba(OH), until the pH was 6.0. A small amount of radioactivity 
was in the precipitate; by far the major portion remained in the solution. 
Absolute ethanol was added to the latter to a final concentration of 95 per 
cent. The barium precipitate contained all the radioactivity originally 
in the solution. The barium was removed with sulfuric acid, the precipita- 
tion and resolution repeated three times, and after final removal of the 
barium the filtrate was concentrated to near dryness. A drop was chro 
matographed on filter paper. Four ninhydrin spots were obtained; one 

1q@-Aminoadipie acid like glutamic acid cyclizes. Both forms of both amino 
acids chromatograph alike on filter paper with phenol and s-collidine. 
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in the glutamic acid region was radioactive, and the other three were in 
the alanine, aspartic acid, and threonine regions. 

Concentrated HCI was added to the main portion of the filtrate and con- 
centrated under a lamp until crystallization set in. About 100 mg. of 
erystals were collected. They gave a total of 630 counts (corrected) per 
minute. The mother liquor was found subsequently to have 7650 counts 
(corrected) per minute. The crystals gave three ninhydrin spots on the 
filter paper chromatogram; one in the glutamic acid region was radioactive, 
and the other two were in the aspartic acid and alanine regions. 

The radioactive spot certainly contained a-aminoadipic acid mixed with 
glutamic acid. We have tried to separate a-aminoadipie and glutamic 
acids by chromatography on filter paper with a number of solvent mix- 
tures; none effected a separation. 

The hydrochloric acid mother liquor was evaporated to dryness and the 
dry residue dissolved in 0.1 N HCl. Solid Ba(OH): was added until the 
solution was alkaline to phenolphthalein, and then ethanol to a concen- 
tration of 75 per cent. 351 mg. of barium salt were obtained, giving a 
total of 7650 counts (corrected) per minute. The barium was removed 
with H,SO,, the filtrate concentrated to dryness, and the residue dissolved 
in0.1N HCl. The presence of a-aminoadipic acid in it was determined by 
crystallization after adding to a portion of the solution, containing approxi- 
mately 1650 counts (corrected) per minute, 100 mg. of non-radioactive 
a-aminoadipic acid as a carrier. The quantity of carrier was about 600 
times that of the radioactive form.* 

The solution was brought to pH 3.1 with ammonia and then concentrated 
slowly at room temperature under a low vacuum. The crystals which 
separated out were washed with a small amount of water and then ethanol, 
dried, and their radioactivity determined. Three recrystallizations were 
carried out, in the course of which 80 per cent of the carrier was left in the 
mother liquors. The specific activities of the crystals after each of the 
four crystallizations were consecutively 11.5, 13.7, 13.2, and 13.8 counts 
(corrected). 

When 13.5 counts (corrected) are taken as the specific activity of the 
a-aminoadipic acid after addition of 100 mg. of carrier, 1350 counts (cor- 
rected) or 82 per cent of the radioactivity in the solution were in the 
a-aminoadipic acid formed from the radioactive lysine added to the reaction 


?This estimate was made as follows. The lysine dihydrochloride used had a 
specific activity of 7400 counts (corrected). The equivalent specific activity as 
a-aminoadipic acid was, therefore (217/161) X 7400 = 9970 counts (corrected). A 
total of 1650 counts in the solution would, then, be given by 0.165 mg. of a-aminoadipic 


acid derived from the radioactive lysine added. Its dilution by the carrier would be 
100/0.165 = 606. 
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mixture. Constant specific activity was obtained, evidently, on the first 
recrystallization. 

The crystals remaining after the third recrystallization gave the follow. 
ing data, which correspond to those of a-aminoadipic acid. .p., 204-2959 
with decomposition. 


Analysis—CgH1,0.N (161.17). Calculated. C 44.72, H 6.88, N 8.70 
Found. “* 44.84, ‘* 7.03, ‘* 8.69 


A number of experiments were carried out with boiled liver homogenate 
and with p-lysine obtained from the resolution of the synthesized radio. 
active pL-lysine. 


TABLE I 
a-Aminoadipic Acid Formation from Lysine 

The reaction mixture contained, in a total volume of 4 ml. of saline solution, 0,66 
gm. (wet weight) of homogenized guinea pig liver, 10 mg. of radioactive lysine dj- 
hydrochloride (7400 counts (corrected) per mg. per minute), 1.2 per cent (based on the 
final volume) of an amino acid mixture having a composition corresponding to that 
of casein, and 0.01 m a-ketoglutarate. The mixture was incubated at 38° under 
oxygen for 6 hours. 

The values are total counts (corrected) of the barium salt of the dicarboxylic acid 
fraction. 








pH Treatment of homogenate Isomer of lysine used Total counts per min. 
7.5 Boiled L 0 
7.5 Unboiled ti 3690 
8.5 Boiled bi 0 
8.5 Unboiled z 1250 
4.0 Boiled D 0 
1.6 Unboiled * 180 
8.5 Boiled ss 0 
8.5 Unboiled ‘ 115 





The results are summarized in Table I. They are expressed as counts 
(corrected) per minute in the dicarboxylic acid fraction obtained after 
chromatography on Lloyd’s reagent and precipitation from 75 per cent 
ethanol as the barium salt. Only the reaction mixtures with L-lysine and 
unboiled homogenate at pH 7.5 and 8.5 were carried through to the final 
stages of identification by dilution with carrier and recrystallization to 
constant specific activity. There was too little radioactivity in the others. 

The data show that more a-aminoadipic acid was formed at pH 7.5 than 
at pH 8.5. In preliminary experiments at pH values 7.5, 8.2, 8.5, and 9.0, 
the non-protein filtrates were chromatographed on filter paper, the nin- 
hydrin spots in the glutamic acid region dissolved off, and their radio- 
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activity measured. The highest counts were obtained at pH 7.5 and they 
diminished progressively with increasing pH. 

The low counts (Table I) obtained when p-lysine was used may be 
ascribed to the 7.5 per cent of L-lysine in the p-lysine preparation. 

No a-aminoadipic acid was formed when the homogenate was boiled 
before it was added to the reaction mixture and incubated. 

A rough estimate of the rate of conversion of lysine to a-aminoadipic 
acid was obtained by comparing the total number of counts in the di- 
carboxylic acid fraction with that added as lysine. In a typical experiment 
at pH 7.5, 74,000 counts (corrected) were added as L-lysine dihydro- 
chloride. 3700 counts (corrected) were found in the dicarboxylic acid 
fraction after 6 hours incubation with liver homogenate. In 6 hours, 
therefore, 5 per cent of the added lysine was converted to a-aminoadipic 
acid. Of the 10 mg. of lysine dihydrochloride (equivalent to 6.72 mg. of 
lysine) added, 0.336 mg. was converted to a-aminoadipic acid. Expressed 
as a Q value,’ the rate was 0.065. This is about one-hundredth that of urea 
formation in liver slices or homogenates (21, 22) and about the same as 
that of the methylation of guanidoacetic acid by methionine (23). 

This Q value is an underestimate. Some of the a-aminoadipic acid 
formed is converted to a-ketoadipic acid and to glutaric acid (24). 

The solubilities of a-aminoadipic and of glutamic acids and their salts 
are so similar that the former could not be detected in analyses of the 
amino acid composition of proteins by any of the isolation methods in use. 
Nor have we been able to separate them by filter paper chromatography. 
The two amino acids are separated by chromatography on starch by the 
method of Moore and Stein (25), with a solvent consisting of 1 part of 
0.1 n hydrochloric acid, 2 parts of n-propanol, and 1 part of n-butanol. 
Moore and Stein‘ and we have found that the a-aminoadipie acid emerges 
from the column considerably in advance of proline, whereas glutamic 
acid (with alanine) is in the effluent after proline. With this method we 
are now investigating whether or not a-aminoadipic acid is present in 
proteins. 


DISCUSSION 


The only previous report, of which we are aware, of a-aminoadipic acid 
in biological material is that of Blass and Macheboeuf (26). These authors 
isolated from cholera Vibrio two compounds whose elementary analyses, 
reactions on acetylation, and ultraviolet spectra corresponded to a-amino- 


*Q is the change in amount of the substance in question expressed as if it were a 
gas in c.mm., at standard temperature and pressure, per mg. of dry weight of tissue 
used perhour. The dry weight of the liver used was 130 mg.; the time was 6 hours. 

* Personal communication. 
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adipic acid and hydroxy-a-aminoadipic acid. Neither compound was 
identified with certainty, but there is little room for doubt that they were 
the amino acids named. The a-aminoadipic acid amounted to 1.6 per cent 
and the hydroxy-a-aminoadipic acid to 1.0 per cent of the dry weight of 
the organism. 

Neuberger and Sanger (3, 4) have presented evidence that before the 
a-amino group of L-lysine can be attacked by animal tissue enzymes the 
e-amino group must be masked, preferably by acylation. They discussed 
some possible pathways of the degradation of lysine in vivo. In one of 
them, formation of a-aminoadipic acid is the first step. The latter surmise 
is now substantiated by the evidence presented above. a-Aminoadipie 
acid, as the first (or one of the first) intermediate in the degradation of 
lysine, is in accord with the enzymatic findings of Neuberger and Sanger, 
in that conversion of the e-amino group to a carboxyl group is analogous to 
acylation. It also accounts for the failure of the a-amino nitrogen of 
lysine to participate in reversible transamination reactions 7n vivo. It is 
converted to a-aminoadipic acid before it yields its a-amino nitrogen. 

We have previously reported (27) evidence of the probable formation of 
a-aminoadipic acid from lysine in kidney. 

Mitchell and Houlahan (28) have found that a-aminoadipic acid can 
replace L-lysine in one lysine-requiring Neurospora mutant. The accu- 
mulation of large quantities of a-aminoadipic acid and of hydroxy-a- 
aminoadipic acid in cholera Vzbrio points to unusual features of lysine 
metabolism in that organism which is analogous to those found in mutants 
of microorganisms. 


SUMMARY 


1. The synthesis and resolution of lysine labeled with C* in the e position 
and the synthesis and resolution of a-aminoadipic acid are described. 

2. a-Aminoadipic acid is formed from L-lysine in guinea pig liver homo 
genate. p-Lysine is inactive. 

3. Over the pH range 7.5 to 9.0, the reaction is fastest at pH 7.5. Boiling 
destroys the catalytic activity of the homogenate. 

4. a-Aminoadipic acid can be separated from glutamic acid by chroma- 
tography on starch. 


The authors were assisted by A. A. Dvorsky, D. Eggarter, H. E. Jeffery, 
G. Oppenheimer, and A. Tollestrup. 
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THE DEGRADATION OF a-AMINOADIPIC ACID IN GUINEA 
PIG LIVER HOMOGENATE* 


By HENRY BORSOOK, CLARA L. DEASY, A. J. HAAGEN-SMIT, GEOFFREY 
KEIGHLEY, anp PETER H. LOWY 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, June 21, 1948) 


In continuation of our study of the metabolism of L-lysine, a-amino- 
adipic acid, which is formed from lysine in guinea pig liver homogenate (1), 
was synthesized with C™ in the ¢-position. The metabolism of the latter 
compound was followed by search for the radioactive tracer among the 
probable metabolic products. ‘Two have been identified, a-ketoadipic and 
glutaric acids. 

The accompanying diagram (I) indicates one of the pathways of the 
catabolism of lysine. The asterisk indicates the position of the labeled 
carbon. 


H.C*—NH; C*00H ins C*OOH 
on OH CH, ‘oi 
CH, oe be —_—> i aes io 
i bin im - 
a HC—NH:2 am C*OOH 
vom hada ee 
Lysine a-Aminoadipic acid a-Ketoadipic acid Glutaric acid 
(1) 
Preparations 


A summary of the synthesis and resolution of a-aminoadipic acid labeled 
with C™ in the ¢ position is shown in diagram (II). The radioactive carbons 
are marked with an asterisk. 


* This work is part of that done under contract with the Office of Naval Research, 
United States Navy Department. It was reported at the meeting of the American 
Society of Biological Chemists, March 15-19, 1948. 

The C¥ used in this investigation was supplied by the Monsanto Chemical Com- 
pany, Clinton Laboratories, Oak Ridge, Tennessee, and obtained on allocation from 
the United States Atomic Energy Commission. 
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COOC.H, 
BaC*O; — C*O, — KC*N — NC*-CH:-CH:2-CH:-Cl — NC*-(CH:) men ‘O000,H; 
y-Chlorobutyronitrile N 
o=C C=0 
NN 
Diethyl (3-cyanopropylphthalimido) malonate 


— HOOC*-CH,-CH.-CH:-CH(NH:)-COOH 
a-Aminoadipie acid 


(ID) 


The details of the preparation have been described in a previous com- 
munication (1). 

89.3 mg. of BaC“O; containing 0.625 millicurie of C yielded 0.127 gm. 
of pure L-a-aminoadipic acid, giving 14,450 counts (corrected) per mg. per 
minute. 

a-Ketoadipic Acid—Diagram (III) is a summary of the synthesis of 
a-ketoadipic acid. 


HOOC - (CH:);- COOH — C:H;-OOC-(CH:);-COO-C,H; — 


Glutaric acid Diethyl! glutarate 
— C.H;-COO-CO-CH-(CH:2).-COO-C.H; + HOOC -(CH,);-CO-COOH 
CO0-C:Hs 
Triethyl 2-oxaloglutarate a-Ketoadipic acid 
(II) 


Diethyl glutarate was prepared by the method of Locquin and Elghozy 
(2), and triethyl 2-oxaloglutarate by the method of Gault (3). The latter 
compound was decarboxylated with HCl. After removal of the HCl 
in vacuo spontaneous crystallization set in. The crude product was puri- 
fied by solution in warm ether and reprecipitation by the addition of an 
equal volume of petroleum ether. The light orange crystals had the fol- 
lowing composition. 


C.H;0; (160.06). M.p. 124°. Calculated, C 44.98, H 5.04; Found, C 45.12, H 5.04 
Procedure 


The preparation of the guinea pig liver homogenate and the saline solu- 
tion are described in a previous communication (1). 

In a representative experiment 2 ml. of homogenate containing 0.66 gm. 
of liver (wet weight) and 2 ml. of saline solution containing a mixture of 
5 mg. of L-a-aminoadipic acid (14,450) counts (corrected) per minute per 
mg.) and 5 mg. of non-radioactive L-a-aminoadipic acid were added to 
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each of four 20 ml. beakers. Two were immediately brought to pH 5.0 
and boiled for 10 minutes, the coagulated protein extracted with water, 
and the non-protein filtrates and washings combined. The other two 
beakers were incubated at pH 7.4 under oxygen at 38° for 6 hours, then 
deproteinized by boiling at pH 5.0, and their non-protein filtrates combined. 


Results 


The non-protein filtrates were cleared by boiling with charcoal, acidified 
with hydrochloric acid to a concentration of 0.1 N, and then extracted with 
ether. After the ether was evaporated, the residue was taken up in 3 ml. 
of water; 100 mg. of non-radioactive a-ketoadipic acid and 91 mg. of 
phenylhydrazine hydrochloride dissolved in 2 ml. of water were added. 
The oil, a-ketoadipic acid phenylhydrazone, which settled out first, crys- 
tallized in 2 hours. The recrystallization procedure was as follows: 2 ml. 


TABLE | 
Specific Radioactivity of a-Ketoadipic Acid Phenylhydrazone 
after Successive Recrystallizations 





| Counts (corrected) per mg. per min. of phenylhydrazone from 





No. of crystallizations 


Reaction mixture at zero time | Reaction mixture after 6 hrs. 





incubation 
1 | 1.8 10.1 
2 | 1.0 3.1 
3 0 2.7 
4 0 2.6 
5 | 0 | 2.7 
6 | 0 | 2.8 





of water were added to the crystals, and the suspension brought to boil and 
then treated with ethanol dropwise until all the crystals dissolved. The 
solution was then cooled, the crystals collected, and their specific radio- 
activity determined. 

Table I gives the specific radioactivities of the phenylhydrazone samples 
obtained from the reaction mixtures at zero time and after 6 hours incuba- 
tion. The figures show that by the second recrystallization all the radio- 
activity had been removed from the phenylhydrazone obtained from the 
zero time reaction mixture, and that constant specific activity had been 
attained in the case of the phenylhydrazone obtained after 6 hours incuba- 
tion. The counts in the first and second crystallizations probably arose 
from a-aminoadipie acid, and, in the case of the 6 hour reaction mixture, 
also from glutaric acid arising from degradation of the a-ketoadipic acid 
formed from the added a-aminoadipic acid. 
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The melting point of the radioactive phenylhydrazone after the fifth 
crystallization was 141-142°, and of a mixture with an authentic sample 
141-142°. Gault (3) reported the melting point as 141°. After the final 
recrystallization, 15 mg. of the phenylhydrazone remained. 90 per cent 
of the added a-ketoadipic acid was, therefore, left in the mother liquors, 

These data prove that the a-aminoadipic acid was oxidatively deaminized 
to a-ketoadipie acid. 

The rate of formation of a-ketoadipic acid from a-aminoadipic acid ean 
be calculated from the value of the constant specific activity of the 
a-ketoadipic acid phenylhydrazone obtained from the reaction mixture 
incubated for 6 hours. The specific activity of the phenylhydrazone was 
2.7 counts (corrected) per mg. per minute. 100 mg. of a-ketoadipic acid, 
equivalent to 156.3 mg. of its phenylhydrazone, were added as a carrier. 
The weight of the radioactive form being neglected, the total a-ketoadipie 





TaBLe II 
Specific Radioacitivity of Barium Glutarate (Dried at 100°) after 
Successive Reprecipitations 
| ‘ P e ei 
Counts (corrected) per mg. per min. of barium glutarate from 
No. of precipitations | = ; : a 
| Reaction mixture at zero time Reactior mixture aiter 6 hrs. 


ation 


1 0 1.50 
2 0 1.33 
3 1.30 
4 0.95 
5 1.01 
6 1.01 
acid in the solution contained 156.3 & 2.7 = 422 counts (corrected), 


144,500 counts (corrected) were added originally as 20 mg. of a-aminoadipie 
acid. 0.29 per cent of the latter was found as the keto acid, or 0.058 mg. 
Expressed as a Q value,’ this rate is 0.005. It is about one-twelfth that of 
the formation of a-aminoadipic acid from L-lysine (1). 

In another experiment similar to the preceding, the non-protein filtrate 
was examined for evidence of formation of glutaric acid. The procedure 
was the same as before to the stage after evaporation of the ethereal extract 
of the non-protein filtrate. 100 mg. of non-radioactive glutaric acid were 
added as a carrier in the subsequent crystallization. The mixture was 
taken up in 3 ml. of water and treated with saturated barium hydroxide 

1 Q is the rate of change of the substance in question expressed as if it were a gasin 


c.mm., at standard temperature and pressure, per mg. of dry weight of tissue used per 
hour. 
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solution to pH 9.0; the final volume was 5 ml. No precipitation occurred. 
10 ml. of 95 per cent ethanol were then added. ‘The precipitate of barium 
glutarate pentahydrate was filtered off. 96 per cent of the water of hydra- 
tion was driven off by drying at 100°, and the specific radioactivity of the 
compound was determined. 

The solution in water and precipitation with ethanol were repeated five 
times. Table II gives the specific radioactivities of the barium glutarate 
samples obtained as above from the reaction mixtures at zero time and after 
6 hours incubation. After the final reprecipitation 30 mg. of barium salt 
(as pentahydrate) remained, corresponding to 11 per cent of the original 
glutaric acid added. 

Analysis of the radioactive barium salt after the last precipitation gave, 
on an anhydrous basis, 51.3 per cent of barium (calculated, 51.4 per cent). 

These data prove that glutaric acid was one of the products formed in 
the liver homogenate from the added a-aminoadipic acid. There can be 
little doubt that a-ketoadipic acid was formed first, and that the glutaric 
acid arose by its oxidative decarboxylation. 

The calculation of the rate of formation of glutaric acid from the added 
a-aminoadipic acid is as follows: the final constant specific activity of the 
barium glutarate was 1.0 count (corrected) per mg. per minute; 100 mg. of 
glutaric acid, equivalent to 202.5 mg. of anhydrous barium glutarate, were 
added as carrier; the glutaric acid formed from the added a-aminoadipic 
acid contained, therefore, 202 counts (corrected) per minute; 144,500 counts 
were contained in the a-aminoadipic acid; 0.14 per cent of the latter was, 
therefore, found as glutaric acid. The Q value is 0.0024. 

Of the two successive oxidative steps in the degradation of a-aminoadipic 
acid, deamination followed by decarboxylation, the latter is probably the 
faster. 0.43 per cent of the added a-aminoadipic acid was found in the 
above two degradation products. This figure represents the rate of its 
deamination. The corresponding rate of decarboxylation was 0.14/0.43 
or 33 per cent. 


SUMMARY 


1. The synthesis of a-ketoadipic acid is described. 

2. In guinea pig liver homogenate a-aminoadipic acid is oxidatively 
deaminized to a-ketoadipic acid and the latter is oxidatively decarboxylated 
to glutaric acid. 

3. The deamination of a-aminoadipic acid is much slower than its forma- 
tion from L-lysine. The decarboxylation of a-ketoadipic acid is faster than 
the deamination of a-aminoadipic acid. 

4. The foregoing evidence was obtained with the use of lysine and of 
a-aminoadipic acid labeled with C™ in the ¢ position. 
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The elementary analyses were carried out by Dr. G. 
The authors were assisted in this work by A. A. Dvorsky, 
H. E. Jeffery, and A. Tollestrup. 


Oppenheimer, 
D. Eggarter, 
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A STUDY OF CONDITIONS FOR KJELDAHL 
DETERMINATION OF NITROGEN 
IN PROTEINS 
DESCRIPTION OF METHODS WITH MERCURY AS CATALYST, AND 
TITRIMETRIC AND GASOMETRIC MEASUREMENTS OF THE 
AMMONIA FORMED 


By ALMA HILLER, JOHN PLAZIN, anp DONALD D. VAN SLYKE 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, July 15, 1948) 


The publications on Kjeldahl’s method for determining nitrogen that 
have appeared since Kjeldahl’s (1) original paper in 1883 perhaps out- 
number those on any other analytical method in the same period of time. 
The diversity of papers is attributable to the immense usefulness of the 
method, to its need for modifications for applications to various types of 
organic and inorganic compounds, and to the search for catalysts to provide 
such modifications and to accelerate the digestion. Kjeldahl himself used 
a digestion mixture of sulfuric and phosphoric acids which he found was 
adequate for many organic substances. For alkaloids, however, he found 
the addition of an oxidizing agent necessary and added potassium per- 
manganate crystals to the hot concentrated digest. 

The substances that have been added to the sulfuric acid digest may be 
divided into three classes: (1) Potassium sulfate to increase the boiling 
point and thereby accelerate the digestion process. (2) Oxidizing agents. 
The requirement for these is that they must assist the digestion of organic 
compounds without destroying any of the ammonia formed. Perman- 
ganate was thus used by Kjeldahl. At present the oxidizing agents in most 
general use are hydrogen peroxide and potassium persulfate. (3) Metallic 
catalysts and other substances that act as accelerators. Phosphoric acid 
employed by Kjeldahl is such an accelerator; although its boiling point is 
lower than that of concentrated sulfuric acid, the presence of phosphoric 
acid makes digestion go faster. Phosphoric acid has the disadvantage of 
etching the digestion flask. The metallic catalysts used to accelerate diges- 
tion include mercury, copper, and selenium. 


‘The early history of the Kjeldahl procedure from 1883 to 1892 has been fully 
presented by Vickery (2), and reviews by Friedrich (3) in 1933 and Bradstreet (4) 
in 1940 give bibliographies. 
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Potassium sulfate to accelerate the digestion by raising the boiling point 
was introduced by Gunning (5) in 1889. Mercury was introduced by 
Wilfarth (6) in 1885. Arnold (7) in 1886 used sulfuric acid with both 
copper and mercury as catalysts. The Gunning-Arnold procedure was thus 
named by Arnold and Wedemeyer (8) who recommended a digestion mix. 
ture containing both the potassium sulfate introduced by Gunning and 
the copper and mercury introduced by Arnold. In this country the go 
called Gunning-Arnold method used as a standard macro-Kjeldahl procedure 
for several decades has employed a mixture of sulfuric acid, copper sulfate, 
and potassium sulfate, with or without mercury. 

In testing the various modifications of the Kjeldahl method for pure 
organic substances the results have commonly been compared with the 
theoretical nitrogen contents of the substances or with the values obtained 
by the classic Dumas combustion. In applying the various Kjeldahl pro- 
cedures to protein material, however, theoretical nitrogen values are not 
available and in most instances Dumas combustions have not been used 
for comparison, the criterion for satisfactory results being comparison with 
maximum nitrogen values obtained by other Kjeldahl procedures taken as 
standards. 

The work in the present paper grew out of the observation that when 
dried preparations of plasma proteins were analyzed for nitrogen by the 
Campbell-Hanna (9) Kjeldahl procedure, in which a mixture of sulfuric 
and phosphoric acids with copper and selenium as catalysts is employed 
and digestion is continued for 12 minutes after clearing, results were several 
per cent lower than by the Dumas dry combustion. <A survey of various 
digestion mixtures, including metallic catalysts, persulfate, and peroxide, 
resulted in the conclusion that none of the catalysts that have hitherto 
been used except mercury would give within a reasonable period of time 
a nitrogen yield from proteins equal to that of the Dumas combustion. 

Presumably the reason why mercury has been little used in routine 
macro- or micro-Kjeldahl procedures in current use is the added step in 
the analysis made necessary by the fact that when alkali is added toa 
mercury-containing solution of ammonia, as a preliminary to distillation 
of the ammonia, a considerable fraction of the ammonia is bound by the 
mercuric oxide precipitated and cannot be liberated by boiling. To pre- 
vent low results from this cause it has been customary to add either a sulfide, 
or thiosulfate, which liberates sulfide, in order to precipitate the mercury. 
The addition of sulfide to the acid solution of digest causes an unpleasant 
evolution of hydrogen sulfide, and the heavy precipitate of mercuric sul- 
fide increases the tendency to bumping during digestion. These unpleas- 
ant features can be avoided by the use of zine dust to reduce the mercuri¢ 
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oxide to metallic mercury during the distillation. This device was intro- 
duced in 1892 by Béttcher (10) and was used by Arnold and Wedemeyer 
(8), but apparently has since been overlooked. The zine dust not only 
reduces the mercuric oxide to metallic mercury but also, by providing an 
evolution of fine bubbles of hydrogen gas, causes the boiling during diges- 
tion to proceed very smoothly and with minimum danger of bumping. 

Sérensen and Andersen (11) studied the application of the Kjeldahl pro- 
cedure to lysine and found that addition of mercury to the digest was neces- 
sary for accurate results. They concluded that any Kjeldahl procedure 
applied to proteins or their derivatives should be checked by comparison 
with the Gunning-Arnold method. Miller and Houghton (12) confirmed 
the necessity of mercury in analysis of lysine. Pregl and Roth (13) recom- 
mended the use of mercury in analyses of protein material, but did not 
emphasize the necessity of the addition. 

In the present paper details of a procedure are given for use of a mercury- 
containing digest with three types of Kjeldahl analyses: (1) macroanalyses, 
(2) microanalyses with distillation and titration of the ammonia, and (3) 
microanalyses with gasometric determination of the ammonia by the hypo- 
bromite reaction.” 

For determination of the ammonia in the distillate in the macromethod 
we have found the procedure of Meeker and Wagner (14) advantageous, 
compared with the older method of collecting the distilled ammonia in a 
solution of excess standard acid and titrating back the excess with standard 
alkali. In the Meeker and Wagner procedure the ammonia is distilled into 
boric acid solution and is titrated by adding standard sulfuric acid to the 
distillate until the pH is lowered to that of a control standard with boric 
acid alone. This procedure eliminates the necessity of using standard 
alkali. For titrations in the micromethod, however, we have found that 
routine analyses are more accurate when the older procedure of distilling 
into excess standard acid is employed, with back titration with alkali. 
For the small amounts of ammonia present in the microanalyses this pro- 
cedure gives a sharper end-point than the titration in the presence of boric 
acid. In the gasometric micromethod the hypobromite procedure for 
ammonia described by Van Slyke and Kugel (15) is employed, the mercury 
being first removed by boiling for a moment with zinc dust. 


*A photometric microprocedure, in which the same digestion mixture is used, 
has been employed by Dr. Howard Eder in this laboratory and will be reported by 
himlater. After digestion the acid digest is diluted and treated with a small amount 
of NasS. The excess H.S is removed by boiling for a minute or two, and the am- 
monia is determined by nesslerizing an aliquot of the clear supernatant. 
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METHODS 
Macro-k jeldahl 
Special Apparatus Required 


A still with glass condenser tubes.’ 
Glass spoons to measure 10 gm. of K,SO, and 2 gm. of zine dust. These 


scribed in detail by Van Slyke, Hiller, Weisiger, and Cruz (18). 
Reagents 


Powdered potassium sulfate, ammonia-free. 

Mercurie sulfate solution. Dilute 12 ml. of concentrated H.S0O, to 1% 
ml. with water, and dissolve 10 gm. of red mercuric oxide in this solution, 

Concentrated sulfuric acid, c.P. 

Zine dust (not granulated zinc), ammonia-free. 

Concentrated sodium hydroxide solution, approximately 18 n. 

Boric acid, 4 per cent solution. 

Sulfuric acid, N/14 solution. 

Indicator. The mixed indicator described by Meeker and Wagner (14) 
or a 0.1 per cent solution of brom-cresol green in 95 per cent ethyl! alcohol, 


Procedure 


Into 500 ml. Kjeldahl flasks measure the samples to be analyzed, add to 
each 10 gm. of potassium sulfate, 10 ml. of the mercuric sulfate solution, 
and 20 ml. of concentrated sulfuric acid. Digest over a low flame until 
frothing ceases and water has been driven off, then with ‘‘subboiling” 
(7.e., heating just under the boiling point, so that there is an occasional 
slight ebullition, as originally recommended by Kjeldahl (1)), which is con- 
tinued for 2 hours after clearing. Cool, add 250 ml. of water, and after 
cooling add 2 gm. of zine dust and 50 ml. of 18 Nn NaOH. Distil into 50 
ml. receivers, each containing 50 ml. of 4 per cent boric acid. After 10 or 
15 minutes distillation all the mercuric oxide is reduced to metallic mereury, 
which amalgamates with the zinc, and the solutions become clear. Dis 
tillation is continued until about 200 ml. of distillate are collected, or slight 
bumping begins. 

For titration of the ammonia in the distillate add either 5 drops of the 
mixed indicator of Meeker and Wagner (14) or 0.3 ml. of 0.1 per cent aleo- 


3 Some of the metallic mercury formed by action of the zinc distils into the con- 
densers, and, if the condensing tubes are of block tin, they are eventually destroyed 
by amalgamation with the mercury. The importance of using glass condensers iD 
place of the usual metal condensers in Kjeldahl stills, when mercury is in metallie 
form during distillation, has been pointed out by Andersen and Jensen (16) in their 
very thorough paper on the Kjeldahl method. 
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holic brom-cresol green solution and titrate with the n/14 sulfuric acid till 
the color matches that of a control flask. The control is prepared by meas- 
uring into a flask of the type used as receiver 50 ml. of boric acid, indicator 
solution, and enough water to make the volume equal to that in the receiver 
containing the distillate. 

Blank analyses are performed with all the reagents used. 


Calculation 
T — B = mg. N in sample analyzed 


T indicates the ml. of N/14 H2SO, used in titration of the distillate, B the 
ml. used in titrating the blank. 


Titrimetric Micro-Kjeldahl 
Apparatus 


Glass spoons to measure 0.5 gm. of K.SO, and 0.2 gm. of zine dust ((17) 
Fig. 4; (18)). 

Funnel to deliver K.SO, into the bottom of the digestion tube. This 
should have a stem 12 cm. long and 1 cm. in diameter. It can be made 
from glass tubing by flaring one end into a funnel. 

Test-tubes of Pyrex glass, 22 to 25 by 200 mm. for digestion. 

Erlenmeyer flasks of 125 ml. capacity, to serve as receivers. 

Burette, 10 ml. calibrated. 

Calibrated pipettes, 1, 2, 5, and 10 ml. 

Micro digestion rack. 

Apparatus for steam distillation of ammonia from the digests.‘ 


Reagents 


The K2SO,, concentrated H2SO., mercuric sulfate solution, and zine dust, 
described for the macroanalysis. 


‘A convenient micro steam distillation apparatus is the type described by Parnas 
and Wagner (13, 19) in which the contents of the distilling flask are removed auto- 
matically by suction at the end of each distillation, and in which no burner is used 
under the distilling flask. The distilling flask devised by Parnas and Wagner (13, 
19) as described in the catalogues of the laboratory supply companies is good, except 
that in the round bottomed distilling flask the end of the bent inner tube is placed 
about 0.5 cm. too high to remove the solid particles by suction when zine dust is 
used. The end of the inner tube should approach that section of the rounded por- 
tion of the flask which is the bottom when placed at the angle used for distillation. 
The ideal flask for use with zine dust is one in which the bottom is cone-shaped, 
with a straight (unbent) steam inlet ending within a few mm. of the bottom. Dis- 
tilling flasks having these requirements for use with zinc dust were supplied by E. 
Machlett and Son, 220 East 23rd Street, New York. The condenser should be of 
glass, not metal, when mercuric sulfate is used as catalyst. 
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Sodium hydroxide, approximately 10 N solution. Dissolve 400 gm, g 
NaOH in water and dilute to 1 liter. 

Standard 71.4 mm ammonium chloride solution, to be used for checkin 
the micro-Kjeldahl procedure. Dissolve 0.382 gm. of NH,Cl, sublime) 
“analytical reagent” grade, in water, and dilute to 100 ml. 1 ml. contajy; | 
1 mg. of nitrogen. 

Acetate buffer with pH 5,0.2m. To 1 liter of 0.2 Mm sodium acetate (27. 
gm. of NaC,H;02-3H,0 per liter) add 427 ml. of 0.2 N acetic acid (stand. 
ardized by titration against 0.1 N NaOH with phenolphthalein indicator), : 

Alizarin red indicator solution, 0.1 per cent in water. 

Control flask for titration end-point. Measure into a 125 ml. Erlenmeyer 
flask 7 ml. of the 0.2 m acetate buffer, 63 ml. of distilled water, and 0.8 ml. 
of 0.1 per cent alizarin red indicator solution. This control flask should be 
made up fresh at least every 3 days, or oftener if molds grow in the solution. 

0.01428 n (n/70) H2SO,, made by dilution of standard 1 Nn or 0.1 y 
H.SO, (14.28 or 142.8 ml. respectively to 1 liter). 

0.01428 (n/70) NaOH solution. The solution is kept in a heavily paral- 
fined bottle protected against atmospheric CO, by a soda lime tube. The 
solution is standardized daily by titration against 10 ml. portions of the 
0.01428 n H,SO, with the same pH and volume at the end-point described 
below for titration of distilled ammonia. 


Alundum chips, black (Norton’s No. 14). 


Procedure for Titrimetric Microanalysis | 
Digestion—Into Pyrex glass tubes 22 to 25 by 200 mm. measure 0.5 gm. 
of K.SO,. (For the determination of albumin in a filtrate when the globulin 
has been precipitated with sodium sulfate, no K.SO, need be added) 
Samples containing 0.2 to 2 mg. of nitrogen are added, followed by 0.5 ml. 
of the mercuric sulfate solution, 1 ml. of concentrated sulfuric acid, 





and three or four pieces of alundum. The mixture is boiled gently 
over a micro burner until the water is boiled off; then the flame is increased 
slightly so that the concentrated digest is constantly boiling with slight! 
motion. When entirely clear, gentle boiling is continued for 30 minutes 
As soon as the tubes are sufficiently cool, about 2 minutes, but before the 
contents solidify, wash down the sides of the tubes with 3 ml. of water. 

Distillation—Each distilling apparatus should be tested for the volume 
of distillate required under the conditions used for distillation, to give the- 
oretical results with a standard ammonium chloride solution. 

Before each series of distillations the distilling apparatus is steamed out 
for 30 minutes. Before each digest is transferred from the digestion tube 
to the distilling flask, the lip of the digestion tube is greased lightly witha 
little vaseline to avoid loss during transfer and washing. The contents d 
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the tube are washed into the distilling flask with four portions of 1.5 to 2 
ml.each of water. The sides of the tube are rinsed down with each portion. 
While the third washing is in the funnel of the Parnas distilling apparatus, 
add to it, in the funnel, 0.2 gm. of zinc dust. Deliver the mixture of wash- 
ing and zine dust into the distilling flask and follow it with the fourth 
washing. Deliver 5 ml. of 10 N NaOH into the distilling flask and distil 
into 10 ml. of 0.01428 n H.SO, with the tip of the condenser below the sur- 
face of the acid. Distil a volume found to be required by the test with 
standard ammonium chloride solution as described above, then lower the 
receiving flask so that the tip of the condenser is above the surface of the 
acid, and distil 1 minute longer. Wash the tip of the condenser into the 
flask with a few drops of water. 

Titration—To each distillate add 0.8 ml. of 0.1 per cent alizarin red indi- 
eator solution and titrate with 0.01428 n NaOH from a 10 ml. burette till 
the color matches that of the acetate buffer solution in the control flask. 
The final volume should approximate that in the control flask. 

Blank analyses should be done frequently; the entire procedure should 
be followed through. 


Calculation 
Mg. N in sample analyzed = 0.2 (B — T) 


B = ml. of 0.01428 n NaOH required in the back titration of blank analyses; 
T = ml. of 0.01428 n NaOH required in the titration of the distillate. 


Gasometric Micro-K jeldahl 
Apparatus 
The Van Slyke-Neill manometric apparatus (20, 21). 


The glass spoons, funnel, and Pyrex digestion tubes described for the titri- 
metric microanalysis. 


Reagents 


The K.SO,, concentrated H2SO,, mercuric sulfate solution, and zine dust, 
described for the macroanalysis. 

Alundum chips, black (Norton’s No. 14). 

Hydrochloric acid, approximately 0.01 Nn. 

Sulfuric acid, approximately 3.5 N (100 ml. of concentrated H2SQ, di- 
luted to 1 liter with water). 

Brom-thymol blue, 0.4 per cent. 

Sodium hydroxide, approximately 10 Nn. 

Bromine solution. 60 gm. of KBr are dissolved in 100 ml. of water. 2.5 
ml. of bromine are dissolved in the KBr solution. 
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Procedure 


Digestion—Digestion is carried out as described for the micro titrimetric 
procedure. 

Treatment of Digest—After cooling the digest for 2 minutes, 3 ml. of water 
and 0.2 gm. of zine dust are added, and the contents of the digestion tube 
are heated till they begin to boil, to accelerate amalgamation of zine and 
mercury. The mixture is then cooled, a drop of 0.4 per cent brom. 
thymol blue is added, and the solution is neutralized, as described by Van 
Slyke (22), by adding from a pipette 10 nN sodium hydroxide, a drop ata 
time, with occasional cooling of the tube in cold water. Addition of alkali 
is continued until the mixture becomes alkaline to the indicator. 3.5 y 
sulfuric acid is then dropped in until the color just changes back to acid, 
in order to prevent loss of ammonia during subsequent deaeration. 

Transfer of Digest to Van Slyke-Neill Chamber—The digest solution, after 
the above treatment, is decanted into the cup of the Van Slyke-Neill blood 
gas apparatus and the volume is noted. The solution is then drawn down 
into the chamber. Into a graduated pipette is drawn enough 0.01 n HCl 
to make the total volume of the solution up to 10 or 11 ml., and this HClis 
used in three portions to rinse into the gas apparatus the drops of solution 
adherent to the walls of the digestion tube and to the zinc-mercury amalgam 
in the bottom of the tube. Each portion is used to rinse the walls of the 
digestion tube, then the walls of the cup of the gas apparatus, and is then 
drawn down into the chamber. 

Gasometric Determination of Ammonia—The cock of the gas chamber is 
sealed with a drop of mercury, the chamber is evacuated, and is shaken 2 
minutes to extract the air from the solution. The extracted air bubble is 
ejected. The extraction is repeated, and the slight air bubble obtained is 
ejected... Then 1.25 ml. of 10N NaOH are placed in the cup of the chamber, 
and 0.75 ml. of the bromine solution is added and mixed with the alkali. 
1.5 ml. of the mixture are run into the chamber, and the cock is sealed with 
mercury. The chamber is then evacuated and shaken 3 minutes. 

Measurement of Evolved N2—The gas volume is reduced to 2 ml. and the 
reading, p; mm., on the manometer is noted, together with the temperature. 
The gas is then ejected from the chamber, the meniscus of the solution is 
lowered to the 2 ml. mark, and pz2 is read on the manometer. 


5 If the 10 n NaOH used to neutralize the digest has been permitted to absorbs 
large amount of atmospheric CO:, the gas extracted from the digest solution at this 
point will contain more CO, than air, and the second extraction will vielda relatively 
large bubble, almost entirely CO:. A large bubble on the second extraction does not 
indicate the necessity for a third extraction; the two extractions remove the alr 
completely, and any CO, that remains in the solution does not contaminate the : 
evolved by the hypobromite reaction, since the latter is carried out in strongly 
alkaline solution. 
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Blank determinations are performed with the entire procedure. 
Calculations are made as described by Van Slyke (22) from the table of 
factors on p. 242 of his paper (22). 


EXPERIMENTAL 
Preparation and Analysis of Total Protein Prepared from Plasma 


Total proteins were prepared from two different lots of Lyovac (lyophi- 
lized pooled normal human plasma of Sharp and Dohme) and from fresh 
dog plasma. Of the Lyovac, 2 gm. were dissolved in 50 ml. of water. Dog 
plasma was obtained from freshly drawn dog blood, with potassium oxalate 
as anticoagulant. Since the nitrogen values obtained are used to estimate 
the factor by which the nitrogen of normal human and dog plasma proteins 
is multiplied to calculate the protein, the purification of the proteins is out- 
lined in some detail. 


Lipides were removed by treatment with alcohol and ether. To 50 ml. of the 
Lyovae solution, or to 20 ml. of dog plasma to which 30 ml. of water had been added, 
295 ml. of absolute alcohol, then 225 ml. of ethyl ether were added with shaking. After 
mixing well, the mixture was allowed to stand for 2 hours until the supernatant fluid 
was clear. About 300 ml. of the clear supernatant fluid were siphoned off. The pre- 
cipitate, with the remainder of the supernatant, was transferred to a 250 ml. centri- 
fuge bottle, centrifuged, and the supernatant fluid decanted off. The residue was 
washed once with 200 ml. of a mixture of 1 part of water to 4.5 parts each of absolute 
alcohol and ether. After thorough mixing with a footed rod, it was centrifuged and 
decanted. The residue was washed twice with 200 ml. portions of anhydrous ether 
inthe same manner. The last traces of ether were removed from the residue in the 
centrifuge bottle by running a gentle current of air over the surface. 

Mineral salts were removed by the procedure described by Robinson and Hogden 
(23). The finely powdered residue was completely dissolved in 200 ml. of water, the 
pH adjusted to 5.0 to 5.2 with 0.1 N acetic acid, and the solution placed in a boiling 
water bath for 1 hour. After cooling to room temperature, the coagulum was centri- 
fuged, and the supernatant solution was removed by decantation. The residue was 
washed eight times with 150 ml. portions of boiling water, twice with 150 ml. portions 
of absolute alcohol, and three times with 150 ml. portions of anhydrous ether. The 
last traces of ether were removed from the residue by a gentle current of air. 

The finely powdered residue was spread on hardened filter paper on a large watch- 
glass and air-dried by placing in a room with constant temperature of 23° and con- 
stant humidity of 30 per cent. After 40 hours the preparations were ground and well 
mixed and allowed to equilibrate for 24 hours longer, at which time they had come to 
constant weight. 


Samples for all analyses were taken in closed vessels in the room in which 
the preparations had been air-dried. Carbon and hydrogen were deter- 
mined by the micromethod of Pregl (13). Nitrogen was determined by 
the micro-Dumas procedure, by macro-Kjeldahl according to the procedure 
here described, and by the procedure of Campbell and Hanna (9), modified 
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by continuing the digestion for 2 hours, instead of 12 minutes, after the 
digest cleared.6 Moisture content was determined by heating in an air oven 
at 102° to constant weight. Ash was determined on the residues from Car- 
bon determinations. Values for C, H, and N were corrected for moisture 
content of the air-dried preparations and for ash when present. Hydrogen 
was further corrected for the hydrogen of the water content. The results 
are shown in Table I. 

The results obtained by the macro-Kjeldahl procedure with mercury as 
catalyst checked with those by the Dumas method within the limits of error 


TABLE I 
Elementary Analyses of Total Plasma Proteins Prepared from Dried Pooled Human 
Plasma and from Fresh Dog Plasma 





Source of total plasma protein 
preparation 
: ; . ; — Average 
Analysis Procedure used for analysis Dried Dried for human 
Fresh dog pooled pooled plasma 
plasma human human 
plasma, I plasma, II 
percentof | percentof per cent of 
dry weight Iry weight iry weight 
Ash 0.14 0 0.31 
Moisture 11.78 9 S84 9.37 
Carbon* Combustion 53.25 53.57 53.25 53.41 
Hydrogen}* a 6.97 7.05 7.15 7.10 
Nitrogen* Dumas 16.38 15.96 16.08 16.02 
‘ Macro-Kjeldahl with Hg 16.33 16.07 16.04 16.06 
a Campbell and Hanna method 15.90 15.42 
with Se (9 
: protein os ; 6.12 6.22 6.24 6.23 
Factor —— for macro-Kjeldahl with Hg 
catalyst 


* Corrected for moisture and ash content. 
+ Corrected for hydrogen in H.O content of preparations. 


of duplicate analyses. Macro-Kjeldahl analyses by the procedure of 
Campbell and Hanna (9) even when digestion was prolonged for 2 hours 
after clearing, gave only 97 per cent of the nitrogen determined by the 
Dumas method. 
Recovery of Ammonia by Macro Distillation in Presence of Mercury 
As controls for various procedures 10 ml. portions of 1 per cent solution 
of ammonium sulfate or 20 ml. of M/14 ammonium chloride solution were 
6 The digestion mixture of Campbell and Hanna is made by dissolving 10 gm. o 


CuS0O,-5H2O and 10 gm. of selenium oxide ina mixture of 250 ml. of syrupy HPO. 
and 750 ml). of concentrated H.SO,. Of this, 20 ml. are used for each macroanalysis. 
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diluted with water and distilled, after addition of 5 ml. of 18 n NaOH, into 
50 ml. of 4 per cent boric acid, and titrated with n/14 sulfurie acid. The 
amounts of ammonia titrated in the distillates were taken as ‘100 per cent,” 
for comparison with the amounts of ammonia obtained when mercury and 
other reagents were added. Distillations of ammonium sulfate or ammo- 
nium chloride were then performed in the presence of K2SO,, H.SO,, and 
HgO in the amounts used in the macroprocedure described, with addition 


TABLE II 
Recovery of Ammonia in Macro Distillation of Ammonium Salts in Presence of HySOs, 
K.SO,, HgSO,, and 18 nNaOH, with Various Procedures for Preventing 
Retention of Ammonia by HgO 





No. of Ammonium 


Substance distilled determina- Procedure for treating mercury distillate, 
tions mean yield 

per cent 

(NH4)280.4 3 25 ml. 4% K.S added to acid mixture before 98 .2 

NaOH 

ae 3 2.5 gm. solid NaS.0;-5H.O added after NaOH 98.0 

7“ - 2.5 ss a) La) ee before tc 99.7 

a 2 5°> NaoS.O;-5H20 dissolved with NaOH 99.4 

7 


NH,Cl 2 gm. zine dust added before NaOH 100.0 


of potassium sulfide, sodium thiosulfate, or zinc dust to prevent retention 
of ammonia by the mercuric oxide. The results are shown in Table IT. 


Effect of Digestion Rate and Time on Macro-Kjeldahl Procedure 


2 ml. samples of plasma were analyzed by the macro-Kjeldahl procedure 
described in this paper. When plasma was digested with rapid boiling, so 
that clearing occurred in 15 to 18 minutes, and boiling was continued for 
0.5 and 1 hour after clearing, the results were 99.2 and 99.0 per cent of those 
by the procedure as described, in which “‘subboiling”’ was used throughout, 
and was continued for 2 hours after the digest became clear. With ‘‘sub- 
boiling” the preclearing period was 30 to 92 minutes. When the preclearing 
period required 50 to 92 minutes, maximum results were obtained even 
when the postclearing time was shortened to less than 2 hours. Digestion 
prolonged more than 2 hours after clearing gave no higher results than a 2 
hour period. The blank determinations for the 8 hour digestion were twice 


as high as those for the 2 hour digestion. The results are shown in Table 
IT. 
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Analyses of 2 Ml. Samples of Plasma for Total Nitrogen by Present 
Procedure, Varying Digestion Rate and Tim: 


Digestion before clearing 


Time | Conditions 


min. 


15-18! Boiling 


15-18 ? 

50 | Subboiling 
92 7 

92 ‘i 

30 | ri 

30. sO . 

30 | " 

| 


30. | 7 


TABLE III 


Digestion after clearing Total 
diges- 
tion 

Time Conditions time 
hrs. hrs. 

0.5 Boiling 0.75 

1 ; 1.25 

0.5 Subboiling 1.25 

0.5 = 2 

1 2.5 

1 ‘ 1.5 

2 2.5 

4 4.5 

8 vi 8.5 





Effect of Selenium in Addition to Mercury As Catalyst 


Procedure 


N 


fou 


nd 


mg. 


21 
21 


21 


21.2 


24 


21 
20. 
21. 
21. 
21. 
21 
21 


21. 


21. 


91 


21.: 


21. 


.07 
.07 
BS 3 


99 


SO 
43 
39 
43 


21 


.36 


07 


21.38 


21. 
21. 
21. 


21. 


21.3 
21.3% 


21.5 


21. 


21 .¢ 


21. 
21 
21. 
21. 
21 
21 
21 


.O1 


.49 
.o4 


9a 


+ 


ee, 
Nf 


1 





14 99.2 
ae 99.0 
37 100.2 
26 99.7 
39 100.3 
08 98.9 
32 100.0 
oe 99.5 
so 100.0 


Macro-K jeldahl 


Dog plasma was analyzed by the macroprocedure as described, with mer 
cury as catalyst, and by the same procedure with addition of 0.15 gm. of 


selenium powder. 





ti 


T 


th 
fr 
be 
di 


uSi 





ldahl 


liges- 
Oiling 
L. to 
hrs 


we 


ldahl 


h mer- 
ym. of 


A. HILLER, J. PLAZIN, AND D. D. VAN SLYKE 1413 


It appears from Table IV that selenium and mercury together give diges- 
tion not significantly more rapid or complete than mercury alone. 


Comparison of Methods for Determination of Total Nitrogen of Plasma 
by Various Macro-Kjeldahl Procedures 


An approximately 7 per cent solution of Lyovac (lyophilized pooled 
human plasma, Sharp and Dohme), two pooled dog plasmas, and a pooled 
human plasma were digested by the method described in this paper with 
mercury as catalyst, and by the procedure of Campbell and Hanna (9) with 
Se and Cu as catalysts. In distillation of the digests containing mercury, 
thiosulfate was used instead of zine dust, as these analyses were done before 


TABLE IV 


Total Nitrogen of Plasma by Macro-Kjeldahl with Mercury As Catalyst with and with- 
out Addition of Selenium; Zine Dust to Remove HgO during Distillation 





Catalysts used 





| Time Mercuric oxide Mercuric oxide + selenium 
Source of plasma | digested NR _ : 3 
used (2.ml.samples)| after Time | 3 Time N, per cent 
clearing required N per2ml. —— required Nper2ml. of 2hr. 
| for digest plasma i ate: for digest plasma digestion 
to clear bg to clear without Se 
hrs. min, mg. min. me. 
Dog | O 14* 17.58 98.9 12° 17.55 98 .7 
| QO 27T 17.54 98.6 25T 17.52 98 .6 
0.5 + 17.73 99.7 7 17.73 99.7 
2.0 + 17.78 100.0 t 17.72 99.7 
Human 0.5 40t 19.23 98.7 40t 19.36 99.3 
r 20 40t 19.49 100.0 40t 19.41 99.6 





. Boiling. 
¢ Subboiling. 


the use of zinc had been adopted. As shown in Table I, the ammonia yields 
from the digests with mercury might have been slightly higher if zinc had 
been used in the distillation. The results in Table V indicate that the 
digest mixture with mercury gave higher results than any of the other mix- 
tures. The difference might have been still a little greater if zinc had been 
used in the distillation. 


Recovery of Ammonia from NH,Cl by Steam Distillation in Presence of 
All Reagents Used for Micro-Kjeldahl Procedure with Mercury 
As Catalyst 


Samples of standard NH,CI solutions, containing respectively 1, 0.5, and 
0.2 mg. of nitrogen, were measured into micro-Kjeldahl digestion tubes. 
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All reagents used for micro digestion were added and the contents of the 
tubes were distilled as described in the microprocedure. ‘The ammonia wag 
received into 10 ml. of 0.01428 n H.SO,. The volume of distillate collected 
was 50 ml.; this was the volume found adequate for quantitative distillation a 
of ammonia in the still that was used. (The volume of distillate required 


Rei 


TABLE V 


Comparison of Methods for Determination of Total Nitrogen of Plasma by Various 
Macro-Kjeldahl Procedures 


Procedure used 


Digest, 10 gm. K2SOu, 1 gm. HgO, 
20 ml. H2SO,4. Distillation with Digestion mix- 


sodium thiosulfate dissolved in |ture of Campbell 10 gm. K2SO«, 10. gm. K2S04, 0.2 


bo 
& 0.2 gm gm. CuSO,4-5H0 
= : and Hanna (9 . piatd «°5H20, 
S| : na i é CuSO4-5H20 20 mi. He 
Source of S | .| Diluted acid | with Se and Cu | 20 ml HeSO. 0. snl HO" 
plasma used cs) Added NaOH digest, then | as catalysts | apts on 
(2 ml. samples o | NaOH added | 
= Per | Per Per | Per Per 
= N in cent of N in cent of _ cent of 1; cent | cent of 
a sam 2 hr. sam 2hr. | N or 2 hr. Fide 2 hr N als hr. 
= | ple diges ple diges- | — diges- aa © | diges aan diges 
© | ana- tion ana tion y “ tion eee tion (es tion 
& lyzed | with lyzed with | 'Y€9 | with | ‘Y2¢ wit sata with 
a | HgO HgO | | HO | HzO Hg0 
hrs.) mg. | mg. meg meg mg > 
Solution of 0.5 | 17.11; 99.1 | 16.76) 98.0 
Lyovac* |l | 17.18! 99.5 
2 | 17.27; 100.0 | 17.03) 98.6 
4 17.03) 98.6 | —~ 
Pooled dog 0.5 22.50} 97.1 | 
Plasma l |] | 22.71) 98.0 | 
2 23.16) 100.0 22.85) 98.5 
Pooled dog 0.5 22.63) 99.8 
Plasma 2 |2 22.68! 100.0 22.37) 98.6 | 
| 4 22.54) 99.3 | 
8 22.63) 99.7 | 
Pooled hu- 2 23.03) 100.0 | | 
man { | 22.65) 98.4 | 22.13) 96.1 | 22.06, 95.8 | 


* Lyophylized pooled human plasma, Sharp and Dohme. 


was determined by distilling samples of NH,Cl containing 4 mg. of nitrogen, 
collecting varying volumes of distillate, from 25 to 50 ml. 25 ml. of dis 
tillate showed 99.6 per cent of the theoretical value, and 50 ml. gave the- 
oretical values. ) 

The recovery of ammonia by distillation of samples of NH,C! containing | 
0.2 to 1 mg. of nitrogen varied from 99.6 to 100.4 per cent of the theoretical | 
values, as shown in Table VI. ne 





A. HILLER, J. PLAZIN, AND D. D. VAN SLYKE 1415 


TABLE VI 
Recovery of Ammonia from NH,Cl by Steam Distillation in Presence of All Reagents 


‘the 


Was Used for Present Titrimetric Micro-Kjeldahl Procedure with Mercury As 
cted Catalyst 
ition T 
‘ Nitrogen in NH,Cl sample 
lired 
fs Theoretical Recovered in distillate 
yaa me per cent v 
rious 1 100.0 
1 99.8 
l 99.8 
0.5 100.4 
0.5 100.0 
Ou, 0.2 0.5 99.6 
on 0.2 100.0 
120: 2 100.0 
Per 
ent Of 
2hr oa ‘ 
diges. Taste VII 
with Determination of Total Nitrogen of Plasma by Macro and by Micro Titrimetric 
Hg0 Kjeldahl Procedures Described 
ae N found in sample N found per 100 ml N found HD pet Cent 
Plasma in analyzed plasma of result by macro 
rocedure used sample procedure 
analyzed 
Replicates Mean Replicates Mean  Replicates Mean 
ml me. me. meg mg 
Macro 2 19.38 969 .0 
2 19.35 967.5 
2 19.34 967 .0 
2 19.37 19.36 968.5 968 .0 100.0 
Micro 0.2 1.932 966 .0 99.8 
| 0.2 1.932 966.0 99.8 
95.8 | 0.2 1.940 1.935 970.0 967.3 100.2 | 99.9 
uw 0.1 0.972 972.0 100.4 
0.1 0.968 968 .0 100.0 
0.1 0.978 978.0 101.0 
ogen, 0.1 0.970 0.972 970.0 972.0 100.2 100.4 
“i? as 0.05 0.484 968 .0 100.0 
f dis- 0.05 0.482 964.0 99.6 
» the- 0.05 0.482 964.0 99.6 
0.05 0.488 0.484 976.0 968 .0 100.8 100.0 
ining | “4 0.02 | 0.198 990.0 102.3 
otical 0.02 0.198 990 .0 102.3 


0.02 0.196 | 0.197 980.0 986.7 101.2 101.9 
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Determination of Total Nitrogen of Plasma by Present Macro and Micro 
Titrimetric Kjeldahl Procedures 


The plasma used for the analyses was an approximately 7 per cent solu. 
tion of Lyovac (a lyophilized pooled human plasma prepared by Sharp and 
Dohme). For macro-Kjeldahl analyses samples of 2 ml. were taken, For 
micro-Kjeldahl analyses 10- and 50-fold dilutions of the plasma were pre. 
pared with 0.85 per cent sodium chloride solution. Samples as designated 
in Table VII were taken for analyses, covering a range of approximately 
0.2 to 2 mg. of nitrogen. The results are given in Table VII. 


TaBLeE VIII 


Total Nitrogen Determined in Samples of 0.1 Ml. of Pooled Plasma by Present Gago- 
metric Micro-Kjeldahl Procedure 








Nitrogen in sample 











Py, Temperature Factor ———— —_—_———— 
~ Per cent ¢ {Nb 
Found nnacrena 
mm. "C. mg. _ 

377.8 23.0 0.003156 1.192 100.1 
377.4 23.3 53 1.190 99.9 
377.8 23.5 50 1.190 99.9 
378.0 24.0 45 1.189 99.8 
377.4 24.1 44 1.187 99.7 
378.5 24.4 41 1.189 99.8 
379.0 24.5 40 1.190 99.9 
378.8 24.6 39 1.189 99.8 
Mean 1.190 99.9 


* Nitrogen by macro-Kjeldahl was 11.91 mg. per ml. 


Comparison of Total Nitrogen of Plasma Determined by Present Macro 
Titrimetric and Micro Gasometric Procedures 


2 ml. samples of pooled human plasma were analyzed by the macro 
Kjeldahl procedure. The mean result was taken as 100 per cent for com 
parison with results by the microprocedure. For the microanalyses the 
plasma was diluted 10-fold, and 1 ml. samples of the dilute solution were 
taken for analysis. The results are given in Table VIII. 


DISCUSSION 


Nitrogen Content of Plasma Proteins—Total plasma proteins prepared 
from two pools of human plasma, analyzed for total nitrogen by the macro 
Kjeldahl procedure described, with mercury as catalyst, gave a mean value 
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of 16.06 per cent, which checked with the mean value of 16.02 per cent by 
the Dumas method. The macro-Kjeldahl procedure of Campbell and 
Hanna (9) with digestion for 2 hours after clearing and with Se and Cu as 
catalysts gave a value of 15.42 per cent. 

The literature on the analysis of plasma proteins reports varying nitrogen 
percentages. The lack of agreement is in part probably due to absence of 
exact data on the moisture and ash contents of the proteins analyzed. 
Proteins are so hygroscopic that completely dried samples cannot be 
weighed with accuracy. The most uniform analyses are obtained, accord- 
ing to the writers’ experience, when the protein is air-dried by equilibration 
with the moisture of the atmosphere, and samples are weighed for all anal- 
yses, including moisture and ash, during a short time interval and under the 
atmospheric humidity and temperature conditions of equilibration. In part 
it appears that the inconstant and usually low nitrogen values in the 
literature may have been due to the use of inadequate digestion procedures 
for Kjeldahl analyses. 

Bierry and Vivario (24) reported a mean nitrogen value of 15.26 per cent 
for preparations of total human plasma proteins. They did not give ash 
or moisture content, and did not indicate the procedure for the nitrogen 
analyses. Block and his associates (25-27) reported numerous analyses 
of total proteins of human serum, giving nitrogen values varying from 14.3 
to 15.3 per cent. Analyses were performed by macro-Kjeldahl, but the 
procedure used was not stated. Some of the samples were dried at 110° 
(25, 27); other results (26) are given without mention of drying or of ash 
or moisture content. Murrill, Block, and Newburgh (28) prepared pro- 
teins from a pool of three human sera, but did not determine ash or moisture 
content. Nitrogen determined by the micro-lKjeldahl procedure of Pregl 
was 14.28 per cent. Robinson and Hogden (23) prepared proteins from 
three human sera. Dried ash-free samples were weighed. Nitrogen deter- 
mined by macro-Kjeldahl, with a digestion mixture of H:SO,, H;PO,, and 
SeOCly, gave values between 15.5 and 16.0 per cent, mean 15.72. Cook (29) 
prepared proteins from four pools of human plasma. Dried samples were 
weighed. Nitrogen determined by the micro-Kjeldahl procedure of Chib- 
nall, Rees, and Williams (30), with H»SO,, K.SO,, CuSO,, and NaSeQ,, 
gave values between 14.71 and 15.54 per cent, mean 15.23. Nitrogen de- 
termined by these authors by micro-Dumas gave values between 13.29 and 
15.96 per cent, mean 15.20. No mention is made of ash content. They 
concluded that the proper factor for conversion of nitrogen to total plasma 
protein was 6.6. Brand, Kassell, and Saidel (31) and Brand (32) analyzed 
fractions of human plasma proteins for nitrogen by the micro-Dumas 
method, in which they used air-dried samples and corrected for ash and mois- 











1418 KJELDAHL DETERMINATION OF PROTEIN N 


ture content. In the fractions which were pure (albumin and y-globulin) 
they found 15.95 per cent nitrogen for albumin and 16.03 for y-globulin. The 
factors for conversion of nitrogen to protein calculated from these values are 
6.27 for albumin and 6.24 for y-globulin, agreeing closely with the factor 
found in the present paper for total proteins of normal human plasma. 

The factor 6.25, for conversion of nitrogen to protein, has been generally 
used for at least 75 years. Its origin is obscure and difficult to trace. It 
has long been known that different proteins vary considerably in their 
nitrogen content, and that for each protein its own factor must be estab- 
lished before exact calculation of the weight of dry protein present can be 
made from nitrogen determinations. From the data given in this paper 
for total human plasma proteins, and the data of Brand and his associates 
for pure human plasma albumin and y-globulin, the factor 6.25 seems justi- 
fiable, for the present, for the calculation of weights of plasma proteins 
from nitrogen. 

Some of the markedly higher values for the factor for plasma proteins, 
derived from other analyses in the literature, appear to be attribut- 
able to low nitrogen values by the Kjeldahl procedures used. For our own 
protein preparations the factor calculated from the determination of nitro- 
gen by the procedure of Campbell and Hanna (9) is 6.49, because the pro- 
cedure gave nitrogen values 3 per cent lower than the Dumas combustion 
or Kjeldahl digestion with mercury as catalyst. 

Losses with Selenium and Mercury As Catalysts—The literature indicates 
that when selenium is used as a catalyst for the Kjeldah! procedure the 
length of time for digestion should be carefully established for the substance 
analyzed. Sandstedt (33) reported that the loss of nitrogen on long heating 
with selenium is greater than with other catalysts. Davis and Wise (34) 
and Illarionov and Ssolovjeva (35) reported a loss of nitrogen if heating was 
longer than 35 minutes with selenium. Dalrymple and King (36) found 
that digestion for 1 hour with HgO and K.SO, gave the same result as diges- 
tion for 3 to 6 hours with selenium or 1.5 hours with various selenates. 
With selenates the recovery of nitrogen rose with time of digestion toa 
maximum, then diminished with progressive loss of nitrogen. Patel and 
Sreenivasan (37) reported progressive losses of nitrogen during digestion a 
casein with selenium or selenium plus mercuric oxide as catalysts if diges- 
tion was prolonged beyond 15 minutes after clearing. Osborn and Krasnitz 
(38) reported that when the digestion period was extended danger of loss 
of nitrogen with different catalysts increased in the order of Hg, Se, Se t 
Hg. Use of mercury involved the least danger of loss. 


Determinations of carbon, hydrogen, and of nitrogen by the Dumas 
method were performed by Dr. A. Elek, to whom we wish to express ou! 
gratitude. 
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ulin) SUMMARY 

The Be ay : aoe ; 

8 are Only digestion mixtures containing mercury as catalyst have been found 

alii to give nitrogen values for proteins as high as the values yielded by Dumas 

combustion. 

rally Methods are described in which digestion mixtures yielding nitrogen 
It values equal to those of the Dumas combustion are employed, and in which 

their the ammonia formed is determined by macro or micro titration, or by 

stab- micro gasometric measurement. 
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DETERMINATION OF PROTEIN IN URINE BY THE 
BIURET METHOD 


By ALMA HILLER, ROGER L. GREIF, ann WILLIAM W. BECKMAN 
WITH THE TECHNICAL ASSISTANCE OF JOHN PLAZIN 


(From the Hospital of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, July 15, 1948) 


Amethod for the determination of protein in urine by means of the biuret 
reaction was described by Hiller (1) and by Hiller, McIntosh, and Van 
Slyke (2), in which pure biuret prepared by Kahlbaum was used as a stand- 
ard for visual colorimetry. Since Hiller (1) the biuret method has been 
used for the determination of urinary proteins by Price (3) and by Lehmann 
(4), and has been widely used in many forms and modifications for the 
determination of plasma proteins. A review of the literature on the biuret 
method will not be given here, but may be found in the papers of Kiintzel 
and Dréscher (5) and of Robinson and Hogden (6). The latter workers 
studied the conditions necessary for the production of a stable color which 
bears a quantitative relationship to the protein concentration and also 
published transmission curves for the biuret color. 

The present paper describes a photometric method for the determination 
of urinary protein in which the entire procedure is carried out in a single 
test-tube, which serves as a cuvette for the photoelectric spectrophotometer. 
The method can be used even when the urine contains Evans blue excreted 
after blood volume determinations. Since pure preparations of biuret are 
not now obtainable on the market, solutions of urinary proteins, of concen- 
tration determined by accurate Kjeldahl analysis, are used to prepare 
standard optical density curves, and the use of a chrome-alum solution for 
checking the curves is detailed. 


METHOD 
Apparatus 


Cwvettes, 15 by 100 mm. (outer measurements). Test-tubes, thick wall, 
without lip, from the Arthur H. Thomas Company, No. 9446, make good 
inexpensive cuvettes. After cleaning with dichromate cleaning mixture 
the tubes are tested for uniformity by reading the optical density of a solu- 
tion containing approximately 15 gm. of CuSO,-5H.O per 100 ml. in each 
tube in a spectrophotometer at a wave-length of 560 mu. Tubes which 
read within an optical density variation of +0.0015 of the average are 
chosen as cuvettes. These are then etched with numbers and calibrated 
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to contain 10 ml. The tubes must be carefully handled to prevent scratch. 
ing. Before each series of readings in the spectrophotometer, finger-marks 
must be removed by wiping the outside of the tube first with a damp, then 
with a dry towel. They must be cleaned immediately after use. A good 
cleaning procedure is to remove precipitates by rinsing and shaking with 
water; then small amounts of copper sulfate which adhere to the upper part 
of the inner walls of the tubes are removed with dilute hydrochloric acid, 
approximately 1 Nn. The tubes are then rinsed five times with tap water 
and three or four times with distilled water and inverted in a test-tube rack 
to drain onto a towel. Only the tubes used for blank determinations need 
be dry. The tubes used for protein analysis can be used without drying. 

Rubber stoppers, solid No. 0, to fit cuvettes. 

Centrifuge metal shields 3% inches long and ¢ inch in diameter will fit the 
size of cuvettes used. With an eight place head and three or four place 
trunnion carriers a large number of tubes can be centrifuged at one time, 

Photoeleciric spectrophotometer. The Coleman junior model was used, 
but any type can be used, with a cuvette holder 3 inches in length. If the 
holder is too wide for the cuvettes, a ring of hard rubber can be fitted into 
the top of the holder to keep the cuvettes in a vertical position. 

A 5 ml. burette marked at 0.25 ml. intervals to deliver the copper sulfate 
solution. 

A 25 ml. burette to deliver trichloroacetic acid. 

Dispenser for sodium hydroxide. An aspirator bottle or a separatory 
funnel type of vessel, equipped with a soda lime tube and an outlet tube 
with a small opening for delivery of small drops. 


Reagents 

Trichloroacetic acid, 10 per cent solution. Keep in the refrigerator 
when not in use. 

Copper sulfate, 20 gm. of CuSO,-5H.O per 100 ml. 

Sodium hydroxide, reagent grade, 3 per cent solution. This solution is 
stored in the dispenser described under ‘“‘Apparatus,’’ and should not be 
allowed to age beyond 2 weeks, as the solution on standing over a longer 
period of time in glass gives higher blanks and lower protein values than 
when freshly made (see Table IIT). 


Procedure 


If the urine contains a precipitate, it should be filtered before analysis. 
Precipitation of Protein—Enough urine to contain between 5 and 20 mg. 
of protein is pipetted into the bottom of each cuvette. The samples of 
albuminous urine usually range from 0.5 to 5 ml. to contain the desired 
amount of protein. If the concentration of protein is higher than 30 mg, 
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per liter, the urine is diluted with water so that a sample will contain be- 
tween 5 and 20 mg. of protein. To the urine in each cuvette an equal 
volume of 10 per cent trichloroacetic acid is added. If the total volume of 
urine plus trichloroacetic acid is 6 ml. or less, mixing can be accomplished 
by shaking the cuvette. If the volume is greater than 6 ml., a thin stirring 
rod should be used to get complete mixture, with care not to scratch the 
wall of the cuvette. The rod is washed down with a few drops of water. 
The cuvette is allowed to stand 10 minutes, then centrifuged at about 2500 
r.p.M. for 10 minutes. The supernatant solution is decanted and the 
cuvette is inverted against a towel or filter paper for a moment to drain. 

Dissolving Protetn Precipitate—The protein precipitate is dissolved by 
adding 2 ml. of 3 per cent sodium hydroxide. The cuvettes are shaken 
occasionally until solution is complete, but shaking must be gentle to avoid 
formation of foam. If cuvettes containing appreciable amounts of protein 
are allowed to stand for a time without occasional shaking, undissolved 
protein at the bottom of the cuvette will form a clear gel and may be over- 
looked, as it is difficult to see and requires a longer time to dissolve than 
does the white precipitate. If the cuvette is examined with a window or 
light as background, while whirling gently, a spiral of dissolving protein 
can be seen rising from the bottom of the cuvette. Solution is complete 
when there are no transparent strands on shaking the solution. More 3 
per cent sodium hydroxide solution is then added with occasional shaking, 
until the volume in the cuvette reaches the 10 ml. mark. 

Two dry cuvettes are filled to the 10 ml. mark with 3 per cent sodium 
hydroxide to serve as blanks. 

Setting Zero Point of Photometer—The zero optical density point is set 
before each reading with the holder in place, but without a cuvette (air 
zero). 

Blanks—The density of the 3 per cent NaOH in the cuvettes is read as 
Dy,, Blank 1. 

Reading of Optical Density, Di, Due to Pigments in Urine Carried Down 
by Precipitate of Protein—The tubes containing redissolved protein are 
wiped and the optical density is read as D; at wave-length 560 mu. 

Development of Biuret Color and Reading of Optical Density, D2.—After 
D, readings have been made, 0.25 ml. of 20 per cent copper sulfate is added 
from the 5 ml. marked burette to each protein solution and blank. Each 
tube is stoppered as soon as the copper sulfate has been added, and is 
immediately shaken vigorously about 15 times. Unless shaking is prompt, 
clumps of copper hydroxide may stick to the sides. Stoppers are removed 
and washed. The tubes are allowed to stand 10 minutes for the biuret 
color to develop, and are then centrifuged for 4 minutes at about 2500 
R.P.M. (Blanks should not stand longer than 10 minutes before centrifuga- 
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tion as they tend to be lowered on standing.) They are then wiped clean 
and the optical density is read at 560 mu, with the zero point:set as de. 
scribed above. The readings of the protein solutions are recorded as D, 
and the blanks are Dz,, Blank 2. Tubes should be washed immediately 
after use as described under ‘‘Apparatus.”’ 


Calculation 
D, = optical density reading of 10 ml. of protein solution 
Dz, = 7 = __ Solvent (3 per cent NaOH) = Blank | 
Dy = 6 * 10.25 ml. of protein solution + copper 
sulfate 
Dz, = optical density reading of reagent blank (NaOH + CuSO,) = Blank 2 
Dp = due to biuret color formed from protein in a volume 
of 10 ml. 
(1) Dp = 1.025 (D2 — Dz;) aa (D, aaa Dz;) 


The mg. of protein in the sample analyzed are read from a curve con- 
structed for this purpose, relating Dp to mg. of protein for the specific set 
of cuvettes and spectrophotometer used. 


mg. protein in sample analyzed * 1000 
ml. urine in sample taken 





Mg. protein per liter urine = 


Construction of Curve Relating Optical Density to Mg. of Protein in Sample 
‘Analyzed—The relationship between optical density reading and protein 
concentration depends on the specific set of cuvettes and on the spectro- 
photometer used. It is therefore imperative that a curve be constructed 
for each set of apparatus. 

Several urine samples containing protein can be used for this purpose. 
The urines are analyzed for total nitrogen and non-protein nitrogen by the 
macro-Kjeldahl procedure of Hiller, Plazin, and Van Slyke (7), who found 
that the best results of analyses of plasma protein were obtained when 
mercury was used as catalyst. For determination of non-protein nitrogen 
the protein is precipitated under the same conditions as for the biuret 
method; equal volumes of urine and 10 per cent trichloroacetic acid are 
mixed, let stand 10 minutes or longer, then centrifuged. Aliquot por- 
tions of the supernatant solution are taken for analysis. 

The calculation for the protein content of the urines is 


Protein per 100 ml. = 6.25 [(total N per 100 ml.) — (non-protein N per 100 ml.) 


Of each urine analyzed three or four samples of various size are chosed, 
containing amounts of protein ranging from about 3 to 15 mg. These are 
analyzed in triplicate by the biuret method, and the Dp values calculated 
by Equation 1 are plotted against the mg. of protein in the samples taken 
for analysis. A straight line curve can thus be constructed for calculations. 
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Such a curve was checked at frequent intervals and was found to remain 
constant over a period of 6 months. 


EXPERIMENTAL 


Choice of Wave-Length for Reading Biuret Color—Optical densities of 
the biuret color prepared from a sample of urine protein were read at 
various wave-lengths in the Coleman junior photoelectric spectrophotom- 
eter. A curve constructed from these data showed a maximum optical 
density at wave-lengths between 550 and 570 mu, and was almost identical 
with the curve of Robinson and Hogden (6). A wave-length of 560 mu was 
chosen. 

Reproducibility of Results by Biuret Method—Urine samples were chosen 
which contained varying amounts of protein, between 3 and 19 mg. 


TABLE [| 


Reproducibility of Results by Biuret Method for Various Amounts of Protein in Sample 
of Urine Analyzed 





Protein found in sample; | 


- “sap Standard deviation n 
mean of 20 determinations tandard deviation from mea 


Urine sample 





ml. mg. me. per cent of mean 
0.5 3.105 +0.065 +2.09 

1 6.328 +0.077 +1.22 

2 12.798 +0.126 +0.99 

3 


19.030 0.371 +0.90 





Twenty analyses were performed on each sample chosen. The results are 
shown in Table I. 

Stability of Biuret Color—On six urine specimens which were analyzed 
by the biuret method, optical density readings were taken within 4 hour 
after development of the biuret color. The cuvettes were stoppered and 
let stand at room temperature, 22°, in daylight but not in direct sunlight, 
and readings were repeated at 3 and 4 hours after color development. 
The results, recorded in Table II, show no appreciable change in optical 
density over a period of 4 hours. 

Effect of Age of 3 Per Cent Sodium Hydroxide Solution on Results Obtained 
by Biuret Method—3 per cent sodium hydroxide solutions were protected 
from atmospheric CO, and were used after standing in glass containers for 
intervals up to 90 days, as indicated in Table III. For the analyses a solu- 
tion of serum albumin containing 3.9 mg. of protein per ml. was used. 
Samples of 1 ml. were analyzed in triplicate for each sodium hydroxide 
solution. All the analyses in Table III were done on the same day. Rea- 
gent blanks were determined for each solution used. The sodium hydrox- 
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| 
| 


ide solutions which were kept for 42 to 90 days all gave higher reagent 


blanks. 


Stability of Biuret Color on Standing at Room Temperature in Daylight but Not 
light; Optical Densities with Air As Zero 


Urine No. 


Water 
Reagent blanks 


152 
153 
154 
155 
156 
164 


dium hydroxide solution may be used for a period of 2 weeks without 
appreciably affecting the accuracy of the procedure. 
Correction for Urinary Pigments in Biuret Method—When protein is pre- 
cipitated from a highly concentrated urine, some of the pigment is carried 
down with the precipitate. When such a precipitate is dissolved in alkali, 


Age of NaOH 


19 
42 
49 
60 
90 


TABLE II 


The results shown in Table III indicate that the 3 per cent go. 


in Sun- 


Optical density readings; time after biuret color development 
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0 
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Within $ hr. 


.050 
0. 
U. 
0. 
Q. 
.233 
349 
Q. 
0. 


O81 
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391 


300 
590 


TABLE III] 
Effect of Age of 3 Per Cent Sodium Hydroxide 


After 3 hrs. 


Protein found in sample 
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.050 
.OSO 
.O8O 
.440 
.391 
.233 
349 
. 300 
.590 


After 4 hrs. 


0.050 
0 USO 
0.080 
0). 440 
0.391 
0.23 
0). 350 
0.300 
0.590 
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the solution is sufficiently colored to give a slight optical density reading at 
the wave-length at which the biuret color is read. 

To determine the amount of error introduced into the biuret method by 
this color, a serum albumin solution containing 10.6 mg. of protein per ml. 
was analyzed before and after addition of a dilute normal, straw-colored 
urine and of a concentrated normal, deeply colored urine. The results were 
calculated with and without the correction for the color of the protein solu- 
tion (optical density readings D, in the method). Column 4 of Table IV 
shows that with varying amounts of protein in the sample the corrected 
readings indicate, within the limits of error of the method, the amount of 
protein present. When the calculations are made without correcting for 
pigment (Columns 5 and 6, Table IV), the results are increased to a degree 


TABLE IV 


Effect of Urinary Pigments on Biuret Method 


x a ‘ nar Protein in sample by 
Normal urine Serum I pi _ biuret method Protein 
= : albumin ; Cee i — uncorrected, 
solution = se X fed in per cent of 
Sample ub ee Corrected Uncorrected corrected 
Color taken wanes for pigment for pigment 
1 (2) (3) (4 (5) (6) 
mil. ml } mg. me mg. 
0 1 10.6 10.6 10.6 100.0 
Dark 3 0.25 2.65 2.7 3.0 110.1 
Ke 3 0.5 | 5.3 5.5 5.8 105.5 
3 1 10.6 10.6 10.9 103.8 
3 1.5 | 15.9 15.8 16.3 103.1 
4 sa | 10.6 10.7 11.2 103.6 
Light 4 ] Y 636 10.6 10.9 | 102.8 





beyond the experimental error of the method. This error becomes rela- 
tively greater when smaller amounts of protein are analyzed. 

The dye, Evans blue (T-1824), when injected into patients with pro- 
teinuria for the determination of plasma volume, is excreted bound to the 
urinary protein. A number of urines containing T-1824 were analyzed for 
protein by macro-Kjeldahl determination and by the biuret method. 
Results by the biuret method were calculated with and without the correc- 
tion for dye (included in the D, readings). Table V shows that results 
calculated with the correction check with the results by Kjeldahl analysis 
Within the limits of error, whereas the uncorrected photometric results are 
higher. 

Comparison of Determinations of Urine Protein by Macro-Kjeldahl, by 
Biuret Method, and by Sedimentation Method of Shevky and Stafford (8) As 
Modified by MacKay (9)—Twelve urines were analyzed for protein (1) by 
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the macro-Kjeldahl procedure described for construction of the curve for 
conversion of optical density to protein content, (2) by the biuret method, 
and (3) by the sedimentation method of Shevky and Stafford (8) as modi. 


TABLE V 
Analyses of Urine Containing Evans Blue (T-1824) by Biuret Method 





Urine specimen 


B-251 
B-147 
Se 

C 
M-173 
B-171 
M-177 


Urine specimen 


fied by MacKay (9). 


Macro-Kjeldahl 


gm. 


13. 
33 
10. 
17 
28 
41 


20. 


aio @ 


“Nor bo 


Macro- Kjeldahl | 


gm. 


33. 
ine 
41. 
28. 
20. 


17 


10. 


0 
8 


Protein per liter 


Biuret method 








Corrected | Uncorrected 
for dye } for dye 
gm. gm. 
14.0 14.5 
33.0 33.5 
10.4 10.8 
18.0 18.2 
28.0 28.6 
41.0 42.0 
21.0 21.4 


TABLE VI 


Comparison of Determinations of Urine Proteins by Macro-Kjeldahl, by Biuret 


Protein per lite 
Biuret method 


gm. 
33.0 
14.0 
41.0 
28.0 
21.0 

8.0 


on 
w 


bo 


w 
_ 
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4.5 
18.0 
10.4 


- 
Shevky-Stafford 
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63. 
34. 
28. 
10. 
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Biuret, per cent of Kjeldahl 


ee 


Corrected Uncorrected 
for dye for dye 
101.5 105.0 
100.0 101.5 

99.1 102.9 
102.8 104.0 

99.1 101.5 
98.8 101.2 
101.5 


103.4 


Method, and by Method of Shevky and Stafford 


Per cent deviation from Kjeldahl 


Biuret method Shevky-Stafford 


0 +43.0 
+1.5 +35.5 
—1.2 +51.8 
—O0.! +22.4 
+1.5 +39.0 

( +-30.0 

0 +90.5 
—1.5 —3.5 

0 +5.5 

0 +13.3 
+-2.§ +4.0 
=—§.9 +2.9 


In Table VI the results by the biuret method are 


seen to check with those by macro-Kjeldahl analysis within the limits of 
error. The results by the sedimentation method show deviations from the 
Kjeldahl, ranging from —3.5 to +51.8 per cent. 

Procedures for Frequent Checking of Calculation Curve—To find a pro 
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cedure for checking the calculation curve at frequent intervals a search 
was made for compounds which either give a biuret reaction or which give 
an optical density curve similar to that of the biuret color. 

Chromic ammonium sulfate, Cre(SOx)3(NH,)2SO,-24H.0, was chosen 
because in aqueous solution its transmission curve is near that of the biuret 
color, with a minimum transmission between wave-lengths of 570 and 590 
mu. Aqueous solutions of 0.5 and 0.25 per cent were prepared. These 
solutions showed a color instability when first made up. A daily increase 
was found in the optical density readings until the 4th day, but thereafter 
the readings remained unchanged when made at intervals up to 1 year. 
The optical density readings of the two solutions were located on the cal- 
culation curve and checked at intervals. Two preparations of chromic 
ammonium sulfate, one Baker’s ‘‘analyzed,”’ one a c.P. product obtained 
from the Fisher Scientific Company, gave the same results. 


SUMMARY 


A biuret method for the determination of urinary protein is described 
in which the entire procedure is carried out in a single test-tube which 
serves as a cuvette for the photoelectric spectrophotometer. Results 
agree with those by an accurate macro-Kjeldahl method (digestion with 
mercury catalyst), the standard deviation from the Kjeldahl values be- 
ing of the order of +1 per cent when the urine samples contained 6 to 
19 mg. of protein. 
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SUBSTITUTES FOR SAPONIN IN THE DETERMINATION 
OF OXYGEN AND CARBON MONOXIDE OF BLOOD 


By ALMA HILLER, JOHN PLAZIN, ann DONALD D. VAN SLYKE 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, July 15, 1948) 


When oxygen or carbon monoxide in blood is determined by setting these 
gases free from HbOs or HbCO by means of ferricyanide, it is necessary to 
lake the cells completely, because ferricyanide does not penetrate the 
intact erythrocytes. The hemolytic agent used by Van Slyke and Neill 
(1) to lake the cells was saponin. 

During the past few years commercial preparations of saponin which 
have been used as a hemolytic agent in the determination of oxygen in 
blood by the method of Van Slyke and Neill (1) have been found in this 
laboratory to give results considerably lower than those obtained with a 
Kahlbaum preparation of saponin which had been previously in use. 

The use of Duponol WA and Duponol W-20 as a substitute for saponin 
in the determination of oxygen was reported by Vestling and Swerdlow 
(2). They used the method of Sendroy (3) for the determination of oxygen 
capacity, in which 32 per cent potassium ferricyanide containing the hemo- 
lytic agent is added to the blood after saturation of the blood with air 
(oxygen) in the chamber of the blood gas apparatus of Van Slyke and Neill 
(1). Ramsay (4) used oleyl sodium sulfate as a substitute for saponin, and 
warned that an excess causes stop-cocks to leak and impairs greatly the 
hemolytic action. 

The presence and distribution of saponins in plants and their value as 
hemolytic agents have been investigated by Luft (5). 

The present paper describes procedures in which urea or infusions of 
senega root, root soapwort, and quillaja soap bark, which are commercially 
available,' can be used as hemolytic agents in the determination of oxygen 
in blood. 

Evidence is given that hemoglobin can be determined by the carbon 
monoxide capacity method of Van Slyke, Hiller, Weisiger, and Cruz (6) 
without addition of a hemolytic agent such as saponin. 

METHODS 
Determination of Oxygen in Blood with Urea As Hemolytic Agent 
The method of Van Slyke and Neill (1) is used with slight modifications. 
* Senega root, N. F. (cut and sifted), root soapwort (cut), and quillaja soap bark 


(cut) were obtained from the Amend Drug and Chemical Company, Inc., 117-119 
East 24th Street, New York 10. 
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Reagents 
Urea, 40 per cent solution, containing 1 per cent egg albumin. 
Potassium ferricyanide, 32 per cent solution. 
Sodium hydroxide, 1 N air-free solution. 
Sodium hyposulfite, NaeS.O., air-free solution, described by Van Slyke 
(7). 
Caprylic alcohol. 


Procedure for 1 Ml. Samples of Blood 


2 drops of caprylic alcohol are drawn into the capillary of the blood gas 
apparatus (1, 7), and 7.5 ml. of the urea solution are measured into the 
chamber. After making a mercury seal, the solution is deaerated by evae- 
uating and shaking for 3 minutes. 6 ml. of the solution are run up into the 
cup; then 1 ml. of blood is measured into the chamber, followed by 1 ml, 
of the solution in the cup. After making a mercury seal, the mixture js 
evacuated and shaken 3 minutes to lake the blood. The vacuum is re. 
leased, the upper cock being kept closed. In the cup of the gas apparatus 
place a few ml. of water and a little mercury. From a small rubber-tipped 
burette containing the 32 per cent potassium ferricyanide discard a drop 
so that there is no air space in the tip, insert the tip through the water 
_and mercury into the bottom of the cup, and admit 0.2 ml. of the ferricy- 
anide directly into the chamber. Seal with mercury, evacuate, and shake 
3 minutes. 

Carbon dioxide and oxygen are absorbed as usual (1), and pressure read- 
ings are taken with the meniscus at the 0.5 ml. mark. 

Blanks are carried out by the procedure for blood, except that after 
deaeration of the urea solution 4 ml. are run up into the cup in place of 6 
ml., and the blood sample is omitted. The ferricyanide is thus added 
to 3.5 ml. of deaerated urea solution in the chamber, instead of toa 
mixture of 2.5 ml. of that solution with 1 ml. of blood. 


Determination of Oxygen in Blood with Senega Root, Root Soapwort, or 
Quillaja Soap Bark As Hemolytic Agents 


Reagents 


Sodium hydroxide, sodium hyposulfite, and caprylic alcohol are the same 
as described above. 

1.6 per cent potassium ferricyanide in 0.5 per cent infusion of either senega 
root, root soapwort, or quillaja soap bark. The infusions are made by 
grinding the root or bark in a mortar or fine grinder and measuring 0.5 gm. 
into 100 ml. of water. The water is heated to boiling and the infusion is 
strained through finely woven cheese-cloth in a funnel. 
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Procedure 
The procedure is that described by Van Slyke and Neill (1), except 
that the ferricyanide-saponin solution of these authors is replaced by a 
solution of ferricyanide in one of the above infusions. 


EXPERIMENTAL 


Determination of Oxygen in Blood—As controls by which to evaluate 
various procedures for the determination of oxygen in blood, blood was 
analyzed for oxygen capacity by the method of Van Slyke and Neill (1), 
except that the saponin-ferricyanide reagent contained 1.6 per cent potas- 
sium ferricyanide in place of 0.3 per cent. ‘The saponin used was a Kahl- 
baum preparation which had long been in use in the laboratory and was 
known to give good results. The results by this procedure are recorded as 
100 per cent in Table I. 

A preparation of Baker saponin gave results which were 53.9 per cent of 
those with the Kahlbaum saponin when both were used in 0.3 per cent con- 
centration in the ferricyanide solution. A preparation of saponin from the 
Amend Drug and Chemical Company, used in the same concentration, 
yielded 83.6 per cent. A concentration of 1 per cent yielded 98.8 per cent. 

When water was substituted for the urea solution in the procedure de- 
scribed under ‘‘Methods,”’ in which urea was used as hemolytic agent and 
the ferricyanide was added after laking of the blood, the yield was 97.3 per 
cent. 

When 40 per cent urea was substituted for saponin, and the procedure 
was the same as for the controls above, the yield was 81.3 per cent and the 
blanks were high. When 1 per cent egg albumin was added in addition to 
urea, the yield was 92.8 per cent. 

By the use of urea and egg albumin as described under ‘‘Methods,”’ in 
which the blood is laked before addition of potassium ferricyanide, the 
yield was 99.5 per cent. The same procedure with omission of urea yielded 
94.2 per cent. 

Substitution of 0.5 per cent infusions of senega root, root soapwort, or 
quillaja soap bark for saponin gave results comparable to those with the 
Kahlbaum saponin. The results are shown in Table I. 

Simultaneous Determination of Carbon Dioxide and Oxygen in Blood— 
The method of Van Slyke and Neill (1) was used, with the acid saponin- 
ferricyanide reagent described by Peters and Van Slyke (8). Two solutions 
are made: (a) 0.8 gm. of Kahlbaum saponin and 3.2 gm. of potassium 
ferricyanide diluted with water to 100 ml.; (b) 1 ml. of concentrated lactic 
acid of specific gravity 1.20 diluted to 100 ml. Before use equal volumes 
of the two solutions are mixed. Results with this reagent were used as 
controls by which to evaluate substitutes for saponin. 
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TABLE I 


Effects of Replacing Kahlbaum Saponin by Other Hemolytic Agents 


of Oxygen Capacity of Blood 


Oxygel 
Blood Hemolytic Procedure and reagents 

No agent used : . D 
pong 
1 Kahlbaum |Van Slyke-Neill procedure with 0.3% sap- 20.58 
saponin | oninin1.6°% potassium ferricyanide as re-| 20.60 

| agent 

1 Baker sapo- a a 11.04 
nin 11.14 
1 Amend sap- - ie 17.15 
onin 17.25 
1 oe “ |Van Slyke-Neill with 1% saponin in 1.6% | 20.26 
ferricyanide 20.34 
1 |Water (Water deaerated, blood added, shaken 3 20.06 


| min. to hemolyze, then 0.2 ml. 32% ferri- | 19 
| eyanide added 


1 |Urea iVan Slyke-Neill with 40% urea in 1.6% fer- | 16.7 
ricyanide as reagent 16.7 


1 Urea + egg |Van Slyke-Neill with reagent containing | 19 


albumin | 40% urea, 1% egg albumin, 1.6% ferriey- 19 
anide 
2 Kahlbaum (Van Slyke-Neill with 0.3% saponin in 1.6%, 18 
saponin _ ferricyanide as reagent 18.5 
2 Urea + egg 40% urea in 1% egg albumin, deaerated, 18 
albumin | blood added, shaken 3 min. to hemolyze, 18 
then 0.2 ml. 32% ferricyanide added 
2 \Kgg albumin As above, urea omitted Lis 
17 
2 |Senega root |Van Slyke-Neill with 1.6% ferricyanide in | 18 


| 


3  Kahlbaum /Van Slyke-Neill with 0.3% saponin in 1.6% | 22. 


saponin | ferricyanide 22 
3 /Senega root |Van Slyke-Neill with 1.6% ferricyanide in 22 
0.5% infusion of senega root as reagent | 22.! 
3 Root soap- |Van Slyke-Neill with 1.6% ferricyanide in | 22 
wort | 0.5% infusion of root soapwort as reagent 22 
3 Quillaja Van Slyke-Neill with 1.6% ferricyanide in 22 
soap bark 0.5% infusion of quillaja soap bark as re- 22 
agent 


| 10% infusion of senega root as reagent 18.§ 
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100.0 


As substitutes for saponin, senega root and root soapwort were used. 
For these substitutes solution (a) was prepared by dissolving 3.2 gm. ol 
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potassium ferricyanide in 100 ml. of 2 per cent infusion of the root. The 
infusions were prepared as described under ‘‘Methods.” 


TABLE II 


Effect of Using Substitutes for Saponin in Simultaneous Determination of Carbon 
Dioxide and Oxygen in Blood 


Per cent of result with 


CO: per liter blood | O: per liter blood mobi a 
Hemolytic agent used Kahibaum saponin 
Replicates Mean Replicates Mean Mean CO» Mean O: 

mM mM mM mM 
Kahlbaum saponin 16.82 10.29 

16.69 10.31 

16.75 16.75 10.25 10.28 100.0 100.0 
Senega root 16.77 10.33 

16.78 16.78 10.32 10.33 100.1 100.5 
Root soapwort 16.84 | 10.38 


16.94 16.89 10.28 10.33 100.8 100.5 


TABLE III 
Determination of Carbon Monoxide Capacity of Blood by Method of Van Slyke, Hiller, 
Weisiger, and Cruz (6), with and without Saponin 


Mean in 
per cent 


Carbon monoxide 
capacity 


Hood | Determinations | Hemolytic agent added t ee 
Duplicates Mean a 
vol. per cent vol. per cent 

4 Total Hb Kahlbaum saponin 22.04 
21.94 21.99 100.0 

$ = a None 21.93 
21.98 21.96 99.9 

4 “ - None, but bloodshaken2min. 22.00 
with borax solution before 21.98 21.99 100.0 

saturating with CO 

5 | Total Hb Kahlbaum saponin 18.52 100.0 
6 = None 18.50 99.9 
5 Active “ Kahlbaum saponin 18.24 100.0 
alc None 18.24 100.0 


*“Total Hb” is determined from the CO capacity of blood treated with NaS.0O,; 
“active Hb” from CO capacity without NasS.O, (6). 


1 ml. samples of blood were analyzed and readings of carbon dioxide were 
taken with the meniscus at the 2 ml. mark, and of oxygen at the 0.5 ml. 
mark. 











1436 O02 AND CO IN BLOOD 


The results when senega root or root soapwort was used as a substitute 
for saponin differed by less than 1 per cent from the results obtained with 
the Kahlbaum saponin, as shown in Table II. 

Determination of Carbon Monoxide Capacity of Blood Without Saponin~ 
Hemoglobin was determined in blood by the carbon monoxide capacity 
method of Van Slyke, Hiller, Weisiger, and Cruz (6), with and without add. 
tion of Kahlbaum saponin to the borax solution. The results in Table II] 
show that a hemolytic agent is not required for the procedure. 

DISCUSSION 

When urea as hemolytic agent in the determination of oxygen in blood jg 
added simultaneously with the ferricyanide, as is saponin in the method of 
Van Slyke and Neill (1), low results are obtained, as shown in Table I. If, 
however, the blood is first laked in the urea solution before adding potassium 
ferricyanide, good results can be obtained. Blanks performed by this pro- 
cedure, however, are high (10 mm. of Po, at the 0.5 ml. mark), and if such 
blanks are used the results are lowered. It was found, however, that when 
a protein, such as egg albumin, was added to the urea solution before addi- 
tion of potassium ferricyanide, the blanks were lowered to 3 mm. of Po, 
at the 0.5 ml. mark. When egg albumin in concentration of | per cent 
was added to 40 per cent urea solution, and both blood and blank analyses 
‘ were performed by the procedure as here described, the results obtained 
were comparable to those by the original procedure with a good saponin. 


SUMMARY 


Some commercial preparations of saponin currently obtainable, when 
used as hemolytic agents in the determination of oxygen in blood by the 
method of Van Slyke and Neill, give low results. 

Infusions of senega root, root soapwort, and quillaja soap bark can be 
used as substitutes for saponin. Urea can be used in place of saponin if egg 
albumin is added to the urea solution and if the blood is laked in the urea- 
albumin solution before potassium ferricyanide is added. 

In the determination of hemoglobin by the carbon monoxide capacity 
method of Van Slyke, Hiller, Weisiger, and Cruz, saponin can be omitted 
from the reagents without affecting the results. The successive actions of 
borax and acetate buffer appear to lake the cells sufficiently to make the 
HbCO completely accessible to the ferricyanide. 
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INTERACTIONS OF QUATERNARY AMMONIUM COMPOUNDS 
AND PROTEINS 
A SIMPLE METHOD FOR THE RAPID ESTIMATION OF URINARY PRO- 
TEIN CONCENTRATIONS WITH ALKYLDIMETHYLBENZYL- 
AMMONIUM COMPOUNDS* 


By FRANCIS P. CHINARD 
WitH THE TECHNICAL ASSISTANCE OF DorA M. NEWELL 


(From the Hospital of The Rockefeller Institute for Medical Research, New York 
(Received for publication, July 15, 1948) 


Asimple method of titration with a cationic detergent has been developed 
which permits rapid estimation of the concentration of urinary protein 
with a minimum of manipulations and time. The method depends on the 
formation of an insoluble anion-cation complex between quaternary am- 
monium ions, hereinafter referred to as the cationic detergent, and proteins, 
in the present instance mainly human albumin, at alkaline pH. No 
protein is precipitated from solution by the addition of the cationic deter- 
gent until a slight excess of this is present, at which time the solution shows 
faint but definite turbidity. Addition of more cationic detergent results 
at first in increasing turbidity, but as the addition is continued the turbidity 
decreases, almost as abruptly as it appeared, to give a nearly clear solution. 
Further addition of the cationic detergent is not attended by reappearance 
of turbidity. The end-point used in the present method is the appearance 
of a definite turbidity. The protein-quaternary ammonium ion complex 
formation is sensitive to ionic strength, non-electrolyte concentration, pH, 
and type of protein present (see, for example, Polonovski and Macheboeuf 
(1), Schmidt (2), and Valko (3)). For this reason, the method is restricted 
for accurate results to urine protein of the order of 2 or more gm. per liter 
(0.4 or more mg. of protein per sample) in order that the dilutions made 
may be sufficient to reduce the factors of urine ionic strength, non-electro- 
lytes, and pH to negligible proportions. The method is, however, applica- 
ble to most cases of significant proteinuria. The simplicity of the pro- 
cedure is indicated by the fact that we have been able to complete nearly 
200 analyses in an afternoon. 

If the end-point is determined by the optical density change in a pho- 
tometer, the method can be used for samples containing as little as 0.02 
mg. of protein. 


* . . e . ~ , 
The preliminary phases of this work were started while the author was a Fellow 
in the Medical Sciences of the National Research Council in 1945-46. 
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Reagents 


Alkyldimethylbenzylammonium chloride, 0.1 per cent solution in distilled 
water. The solutions have been found to be stable for at least 3 months 
This solution will be referred to as ‘‘the detergent.” 

2Nn NaOH. 


Procedure 


Preparation of Standard Curve Relating Amount of Added Detergent to 
Amount of Protein in Sample—Because of the uncertain composition of the 
detergents available it is essential that a standard curve be prepared relating 
the amount of added detergent to the amount of protein in the sample. For 
the present work a series of twelve urine samples was selected for use ag q 
standard. The protein concentration of the urines was calculated from 
the difference between total nitrogen and nitrogen after precipitation of the 
proteins with an equal volume of 10 per cent trichloroacetic acid. The 
technique used for digestion and distillation was that described by Hiller, 
Plazin, and Van Slyke (4). Turbidity titrations were then carried out as 
described below; the results were plotted with the protein concentration as 
ordinates and the ml. of detergent used as abscissae. An example of a 
standard curve with human serum albumin is given in Fig. 1. 

Titration of Urine Proteins—0.1 or 0.2 ml. of the urine samples containing 
0.4 or more mg. of protein is accurately pipetted into 2.5 < 10 em. test- 
tubes, and 4 ml. of distilled water are added, followed by 0.2 ml. of 2x 
NaOH. (The pH of the solution is approximately 13.) The detergent is 
then added from a 2 ml. burette, with swirling, until the appearance of a 
definite and permanent turbidity. This turbidity is most easily detected by 
titrating against a black background and by having a beam of light passing 
through the test-tube at right angles. Reproducibility may be insured by 
comparing with samples of the standards titrated previously, but after a 
few preliminary trials it will be found that the reproducibility of this 


1 Unless otherwise specified, the results reported here have been obtained with 
myristamidopropyldimethylbenzylammomium chloride (trade name, Aerosol M), 
manufactured by the American Cyanamid Company, 30 Rockefeller Plaza, New 
York 20. For use 1 ml. of the concentrated detergent is diluted to 500 ml. in dis 
tilled water. We are indebted to the American Cyanamid Company for several 
samples of their product. Equally satisfactory and similar results have been ob- 
tained with cetyldimethylbenzylammonium chloride and dodecyldimethylbenzyl- 
ammonium chloride in 0.1 per cent solutions. These last two compounds are avail- 
able from the Onyx Oil and Chemical Company, Jersey City 2, New Jersey. A 
mixture of alkyldimethylbenzylammonium chlorides (alkyl = CsHi; to CisHs:), 
manufactured by the Winthrop Chemical Company, Inc., 170 Varick Street, New 
York 13, under the trade name Zephiran, may also be used in 0.1 per cent concen- 
tration, though it is slightly less satisfactory. 
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turbidity end-point is no more diffeult than in ordinary acid-base titrations 
with phenolphthalein as an indicator. The mg. of protein present in the 
sample analyzed are then calculated from a standard curve, established 
from urines containing varying amounts of protein calculated from Kjeldahl 
N determinations. 

Calculations—A standard curve relating ml. of detergent to protein con- 
centration is prepared as described above. The results for unknowns are 
read off the curve and the proper correction made for dilution of the urine. 


Results 


Standard Curve with Human Serum Albumin; Reproducibility of Results— 
Fig. 1 shows the relationship of the ml. of detergent required to reach the 
end-point and the mg. of human serum albumin present as determined by 
the Kjeldahl method. An average of six titrations was carried out for each 
point of the curve. The ml. of detergent added and the estimated stand- 
ard deviations for each point were 0.519 + 0.023, 0.863 + 0.012, 1.220 + 
0.019, 1.528 + 0.011, 1.8384 + 0.020, 2.224 + 0.022. The dotted line in 
Fig. 1 (the extension of the straight line through the points) shows that the 
true end-point was overstepped by an absolute number of ml. for each point 
on thecurve. The overstepping is equal to the Y intercept of the extended 
straight line. This overstepping, equivalent to 0.18 ml. of detergent 
solution, is due to the fact that the first appearance of turbidity was not 
taken as the end-point, but rather the appearance of a definite turbidity, 
the reproducibility of which is indicated by the standard deviations above. 

Comparison of Results Obtained by Turbidity Titration with Several Deter- 
gents by Biuret Reaction—In Fig. 2 are plotted the protein concentrations of 
urine of patients with the nephrotic syndrome, some of whom were receiving 
large amounts of human serum albumin intravenously. The results ob- 
tained by turbidity titration with myristamidopropyldimethylbenzyl- 
ammonium chloride are plotted as ordinates, while the results obtained by 
the biuret reaction (5) and the Kjeldahl method (as described above under 
“Preparation of standard curve’) are plotted as abscissae. Twelve 
Kjeldahl determinations of urine protein were used to calculate the equiva- 
lence of ml. of detergent and mg. of urinary protein. The estimated 
standard deviation of results by the turbidity titration from these by the 
Kjeldahl method was +3.71 per cent. When the turbidity titration results 
were calculated as per cent of the biuret results, the mean for the 105 esti- 
mations was 100.5 per cent, with an estimated standard deviation of +4.8 
per cent. 

In another smaller series of eleven urines the results of turbidity titrations 
With other alkyldimethylbenzylammonium compounds were compared with 
results of the biuret reaction as applied by Hiller, Greif, and Beckman (5). 
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For myristamidopropyldimethylbenzylammonium chloride the mean was 
100.9 per cent of the biuret results, with an estimated standard deviation of 
+4.45 per cent; for cetyldimethylbenzylammonium chloride the mean was 
100.6 per cent of the biuret results, with an estimated standard deviation 
of +3.65 per cent; for dodecyldimethylbenzylammonium chloride the 
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Fig. 1. ‘Standard curve’ of human serum albumin titrated with myristamido- 
propyldimethylbenzylammonium chloride (1:500). 


mean was 99.6 per cent of the biuret results, with an estimated standard 
deviation of +4.59 per cent; and for Zephiran the mean was 100.9 per 
cent of the biuret results, with an estimated standard deviation of +5.56. 

Relation of Optical Density to Amounts of Detergent Added to Solutions of 
Albumin—Fig. 3 shows the result of adding increasing amounts of detergent 
solution to 0.2, 0.5, 1.0, and 1.5 mg. of human serum albumin under the 
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conditions described under “‘Procedure.”’ The solutions were not made up 
to the same final volume, as it was desired to check the end-point used under 
the conditions of the estimations. The optical densities were measured in 
cylindrical cuvettes (12 X 75 mm. outside diameter) in a Coleman model 
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Fig. 2. Comparison of results obtained by turbidity titration with myristamido- 


propyldimethylbenzylammonium chloride (1:500) by the biuret reaction and the 
Kjeldahl method. 


6 clinical spectrophotometer at \ = 450 my, within about 30 minutes of 
the addition of detergent to the first of a series. It will be seen that if an 
optical density of 0.025 is taken as the end-point (this is the approximate 
optical density used as the visual end-point for the data in Figs. 1 and 2) 
the number of ml. of detergent added to the sample containing the smallest 
amount of protein is not in proportion to the number of ml. added to 
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samples containing larger amounts of proteins. Therefore, if protein were 
calculated as directly proportional to the detergent added, one would 
somewhat overestimate the amount of protein present, especially for very 


small amounts of protein. That the estimated “‘equivalence’’ end-points 
are in reasonably good proportion (0.13, 0.30, 0.60, 0.90 ml. of detergent 
for 0.2, 0.5, 1.0, and 1.5 mg. of protein, respectively), however, confirms 


the stoichiometry of the procedure already demonstrated in Fig. 1. 
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Fig.3. Relation of optical density to amounts of detergent (myristamidopropyl- 
dimethylbenzylammonium chloride) added to solutions of human serum albumin. 


The arrows indicate the estimated ‘“‘equivalence”’ end-points. 


Effect of pH—Fig. 4 shows the optical density curves obtained by adding 
varying amounts of detergent to the same amount of protein, namely 10 
mg. of human serum albumin, at pH 7.0, pH 7.8, pH 9.2, respectively, 
under the conditions described under “Procedure” (pH approximately 13). 
Addition of 1 ml. of 2 nN NaOH instead of 0.2 ml. results in a very slight 
shift of the curve to the right. 

Other Detergents—A few other cationic detergents have been tried, a8 
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mentioned in foot-note 1. Dimethylbenzylcetylammonium chloride, di- 
methylbenzyldodecylammonium chloride, and Zephiran give results sim- 
ilar to those obtained with the detergent routinely used as described 
above. The high molecular weight alkylimidazolinium compounds are not 
satisfactory for the present purposes because of the slowness of the devel- 
opment of the turbidity. Alkyltrimethylammonium compounds give 
indefinite end-points. Unsatisfactory results were also obtained with an N- 
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Fig.4. Effect of pH on titration curves of human serum albumin with myristami- 
dopropy!dimethylbenzylammonium chloride. 


(acyleolaminoformylmethyl)pyridinium chloride, and with cetylpyridinium 
chloride. 

Relation of Optical Density to Amount of Detergent Added to Plasmas, with 
Differing Albumin and Globulin Concentrations—The method is not at 
present recommended for plasma proteins, because they present some 
difficulties not encountered in urine. Because of the turbidity present 
before titration in some plasmas it is not possible in all cases to use the 
visual end-point described above to estimate total protein in plasma. In 
some preliminary experiments with plasmas of varying albumin and globulin 
concentrations the optical density curves show good correspondence 
between ml. of detergent added to reach the “equivalence” end-point and 
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total protein present. Peculiarities appear in the titration curves in the 
presence of abnormally large amounts of y-globulins. Further work on the 
plasma proteins is under way. 
DISCUSSION 

While a considerable amount of work has been done on anionic and 
cationic detergent-protein complex formation, the exact nature of the 
process is not completely known. It is apparent from the work of Putnam 
and Neurath (6) that the cationic groups of proteins play a major rdle with 
anionic detergents at acid pH. Similarly at alkaline pH the negative 
charges of the protein molecules must play a major réle with cationic deter- 
gents. It may be noted, however, that the detergents are protein denatur- 
ants (7) and under certain conditions act to accelerate protein hydrolysis 
(8). Further, there is probably an unfolding of certain proteins in the 
presence of increasing amounts of detergents; native proteins cannot 
always be recovered quantitatively after exposure to the detergents (6, 9), 

For the present work, a tentative working hypothesis (an extension of 
that of Polonovski and Macheboeuf (1)) is as follows: At pH 13, the 
carboxyl, phenolic, and sulfhydryl groups are all dissociated; there are still 
some positively charged guanidine groups, but the charges of the protein 
molecule are mainly negative. As detergent is added to the protein solu- 
tion, the positively charged quaternary ammonium ions are attracted to the 
negative charges of the protein molecule by Coulomb forces, van der Waals 
forces playing a rdle dependent on the substituents of the nitrogen of the 
detergent. As more and more of the negative charges of the protein are 
“neutralized” by the positively charged quaternary ammonium ions, the 
protein molecule becomes less and less polar until finally, at the so called 
“equivalence” end-point, aggregation of the protein molecules becomes 
possible through van der Waals forces. With further addition of detergent 
the non-polar portions of the added detergent become associated through 
van der Waals forces with the non-polar portions of the detergent ions 
attached to the protein, the protein-detergent complexes become positively 
charged and repel each other, and dispersal of the aggregates then takes 
place. The N substituents in the detergent ions play a rdéle in determining 
the extent of the van der Waals forces and may be responsible for the un- 
satisfactory end-points obtained with the alkyltrimethyl, alkyldimethyl- 
ethyl, alkylimidazolinium, and alkylpyridinium quaternary compounds. 
With the alkyldimethylbenzyl compounds the number of moles of detergent 
required to reach the “equivalence” end-point (Fig. 3) per mole of human 
serum albumin varies with the detergent used, though it is of the order of 
magnitude of the sum of the total free carboxyl, phenolic, and sulfhydryl 
groups calculated from Brand’s data (10). Chain length of the alkyl 
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group may be of importance in this. A similarity to the zone phenomenon 
of antigen-antibody titration is evident in the fact that a definite protein- 
detergent ratio is required to produce aggregation. 

In any case, whatever the exact nature of the protein-detergent complex, 
it is evident that reasonably quantitative results are obtainable by the pro- 
cedure herein described. A method, to which the present one is similar in 
principle, was recently introduced by Lambert (11) for the volumetric 
analysis of anionic and cationic detergents by turbidity titration. Maxi- 
mum turbidity measured photometrically is used by Lambert as the end- 
point, rather than the appearance of a definite turbidity estimated visually. 
Use of maximum turbidity is possible for the estimation of proteins, but the 
additional equipment required and the extra time and manipulations in- 
volved would reduce the advantages of the present procedure. The 
technique described by Lambert takes about 5 times as long. 


SUMMARY 


A rapid simple method for the estimation of urinary protein concentra- 
tions is presented. ‘The method depends on the formation of an insoluble 
complex between quaternary ammonium ions and proteins at pH 13. _End- 
points are estimated visually by the appearance of a faint but definite and 
permanent turbidity. The standard deviation was +3.71 per cent from 
determinations by the Kjeldahl method in a series of twelve estimations. 
In a series of 105 estimations, the standard deviation was +4.8 per cent 
from determinations by the biuret reaction. Several types of quaternary 
ammonium compounds have been tried; the most satisfactory for the 
present purposes are the alkyldimethylbenzylammonium group. A brief 
discussion of the possible mechanism of the quaternary ammonium ion- 
protein anion complex formation is given. 


It is a pleasure to acknowledge the help given by Dr. Hiller and Dr. Greif 
in making available their biuret procedure before its publication. 
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USE OF THE HYPOBROMITE REACTION FOR THE ESTIMATION 
OF AMMONIA PLUS UREA NITROGEN IN URINES CON- 
TAINING LARGE AMOUNTS OF PROTEIN; THE REAC- 
TION OF ALKALINE HYPOBROMITE WITH PROTEINS 


By FRANCIS P. CHINARD 
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(From the Hospital of The Rockefeller Institute for Medical Research, New York) 
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Alkaline hypohalites have been in use for nearly a century for the es- 
timation of urea or of urea and ammonia nitrogen in blood and urine. 
Alkaline hypochlorite, first used by Davy (1) in 1854, was replaced a few 
years later by alkaline hypobromite as a result of KXnop’s work (2). The 
N, evolved in the following reactions was measured volumetrically. 


NH: 

(1) : = O + 30Br- —— Nz + CO, + 3Br- + 2H20 
NH; 

(2) 2NH;* + 40Br- ———> N, + 4Br7 + 4H.O 


After Knop’s work there was a spate of modifications of the method, 
modifications having to do with concentrations of the reagents, length 
of reaction time, design of apparatus, elimination, and occasionally iden- 
tification of interfering substances. These modifications finally culminated 
in the manometric procedure of Van Slyke (3) as modified by Van Slyke 
and Kugel (4). This method has been extensively used both in this 
laboratory and elsewhere for the estimation of the blood and urine urea 
nitrogen from which, with knowledge of the urine flow, the urea clearance 
can be calculated. 

While reasonably satisfactory when only approximate results are re- 
quired, the hypobromite methods all suffer from the fact that the hypo- 
bromite reaction is neither specific nor quantitative. Many other sub- 
stances besides urea and ammonia evolve nitrogen; some, such as guani- 
dine and mono-substituted guanidines, give off nitrogen in considerable 
amounts; others, such as amino acids, amines, and peptides, in smaller 
amounts. Proteins evolve N in amounts determined chiefly by their 
arginine content. In addition, glucose in the high concentrations occa- 
sionally present in the urine of diabetics can cause error (5, 6). 
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Under the conditions of blood or plasma analyses, the hypobromite 
liberates approximately 98 per cent of the urea nitrogen; under the condi- 
tions of the urine analyses, hypobromite liberates approximately 95 per 
cent of the urea and ammonia nitrogen (3, 4). In the case of blood or 
plasma, the presence of non-urea N-evolving substances in the filtrates 
requires that a subtractive correction be applied to the calculated results; 
in the case of urine, one depends on the evolution of nitrogen from non- 
urea or ammonia substances to compensate approximately for the deficit of 
5 per cent in the nitrogen evolved from the urea and ammonia (3). In 
some cases, however, and especially when protein is present, the evolution 
of nitrogen instead of approximately compensating may introduce a posi- 
tive error as high as 30 per cent. While it is possible to correct approvi- 
mately for the protein error if the protein concentration in the urine is 
known, it is preferable to remove the proteins before doing the analyses, 

It is the purpose of the work reported here to present some additional 
data on possible sources of error inherent in the hypobromite procedure as 
at present applied (3, 4) and to describe an obvious means of circumventing 
the protein error. In addition, the reaction of alkaline hypobromite with 
certain proteins and compounds will be described briefly. 


Removal of Proteins from Urine 
The zine hydroxide procedure of Somogyi (7) is used because it has 
been found to be effective in removing some of the interfering substances 
of blood as well as proteins (4). 


Reagents 


Acid zine sulfate solution. 12.5 gm. of ZnSO,-7H.O are dissolved in 
125 ml. of 0.25 n H.SO, and diluted to 1 liter. This solution is used for the 
precipitation of proteins from whole blood. For urine and plasma 100 ml. 
of this solution are diluted to 212 ml. with water. 

0.75 N NaOH. When 50 ml. of the zine sulfate solution for whole 
blood are titrated with 0.75 N NaOH, with phenolphthalein as indicator, 
6.7 to 6.8 ml. of the alkali should be required. The solution is shaken 
vigorously during the titration. 


Procedure 


For urine containing less than 80 gm. of protein per liter, 1 ml. of urine 
is pipetted into a centrifuge tube, and 8.5 ml. of the zinc sulfate diluted 
for urine or plasma are added, followed by 0.5 ml. of the 0.75 n NaOH. 
The tube is stoppered, shaken vigorously, and allowed to stand for 10 
minutes. It is then centrifuged for 10 minutes at 2000 r.p.m. or more (18 
cm. radius). The supernatant solution is then filtered through a. pledget 
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of washed cotton placed in the stem of a funnel, and aliquots are taken for 
analysis. A blank analysis is run on 0.9 per cent NaCl to correct for the 
non-urea nitrogen-liberating substances in the cotton and the reagents. 

For urine containing 80 or more gm. of protein per liter, 0.5 ml. samples 
of urine are taken, and 0.5 ml. of distilled water is added to each. The 
diluted urines are then treated as above. 

Details concerning manometric determination of urea in the filtrates 
and the factors used in calculations are given in the original publi- 
cations (3, 4). 


TABLE [| 


Comparison of Nitrogen Evolved from Urines Containing Protein and Protein-Free 
Filtrates of Same Urines 





Urine No. yoidain sand . ‘val (a) — (6) ” “of (b) rs Pena 
a) (b) 
gm. perl. gm. per |. gm. per |. gm. perl. 
1 2.338 1.908 0.430 122.6 57.5 
2 0.734 0.606 0.128 121.1 17.3 
3 2.038 1.574 0.464 129.6 59.5 
4 2.250 1.908 0.342 118.0 35.0 
5 6.050 5.710 0.340 106.0 35.0 
6 5.340 5.162 0.178 103.4 28.0 
7 0.621 0.487 0.134 127.6 15.0 
8 2.568 2.481 0.087 103.6 12.0 
9 5.635 5.371 0.264 104.9 36.0 
10 7.850 7.468 0.382 105.1 60.5 
11 4.829 4.680 0.139 103.2 18.0 
12 1.965 1.882 0.083 104.4 6.7 
13 7.100 6.780 0.320 104.7 39.5 
14 2.937 2.858 0.079 102.8 3.6 
15 7.278 7.175 0.103 101.4 | 4.6 
16 5.418 5.198 0.220 104.2 | 18.0 
17 2.803 2.698 0.105 103.9 10.4 
18 2.051 1.915 0.146 107.1 38.6 
19 4.714 4.554 0.160 103.5 | 13.0 
20 7.108 6.823 | 0.185 104.1 | 27.9 








Comparison of N Evolved from Urine Containing Protein and from Protein- 
Free Filtrates of Same Urines 


Table I shows the differences in N evolved from urines containing protein 
and protein-free filtrates of the same urines. The urines were obtained 
from patients with the nephrotic syndrome, some of whom were receiving 
large doses of human serum albumin intravenously. Generally speaking, 
unless the urines are from patients receiving serum albumin or plasma 











1452 HYPOBROMITE REACTION FOR URINE NH; AND UREA N 


intravenously, urine protein concentrations will not exceed 25 to 30 gm. 
per liter, provided the urine flow is reasonably high (1 or more ml. per 
minute). If, however, the patient’s urine flow is small (less than 1 ml. per 
minute), then the urine protein concentration may rise to 40 or 50 gM. per 
liter. The urine protein concentrations were calculated from nitrogen 
determinations done by the micro- or macro-Kjeldahl procedures of Hiller 
Plazin, and Van Slyke (8). The total nitrogen was determined directly 
the non-protein nitrogen was determined after removal of the proteins by 
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Fic. 1. Relationship of concentration of urine protein to difference in N evolved 
from urines and protein-free filtrates. 


precipitation with equal volumes of 10 per cent trichloroacetic acid, and the 
protein nitrogen was calculated from the difference. It will be noted that 
the errors due to protein are all positive and vary from +1.4 per centto 
+29.6 per cent. The magnitude of the percentage error is determined by 
the ratio of the protein N evolved by hypobromite to the N evolved from 
the urea plus ammonia, not by the absolute amount of protein present. 
Fig. 1, in which protein concentration is plotted against the difference in 
N evolved before and after removal of the proteins, shows that there is 
considerable scattering. A correction made on the basis of the data oi 
Table I would be approximate, though adequate for clinical purposes. 
Fig. 1 is to be compared with Fig. 2 which shows, from analyses of pure 
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albumin solutions, the relatively close proportionality of N evolved to 
albumin present under the conditions of routine urine analyses when other 
N-evolving substances are absent. An additional point is that, in protein- 
free urine from normal individuals, treatment of the urine with the So- 
mogyi reagents resulted in lower values for urea plus ammonia N than in 
untreated urine; this effect is presumably due to precipitation of interfering 
substances other than protein. 

It may be noted here that the reaction of alkaline hypobromite with 
proteins and amino acids is not restricted to the guanidino group of the 
arginine; tyrosine is brominated, free amino groups react, and there is also 
reaction with peptide groups (see, for example, Goldschmidt et al. (9, 10)). 
These reactions occur with little or no evolution of N. The result is that 
much more hypobromite is used up in reaction with proteins than would be 
expected from the N liberated. This fact becomes of importance when the 
protein concentrations are very high, because the reaction with protein 
may not leave enough hypobromite to give the expected N yield from 
urea. This effect has been found in a few cases in which the urine was 
not sufficiently diluted before analysis; less N was evolved per aliquot of 
urine than after greater dilution. If protein-free filtrates are used, error 
from this effect of excess protein is avoided. 


Evolution of N from Various Proteins 


The evolution of N from human serum albumin was studied in some 
detail. Under the conditions of the routine urine analyses (3, 4) (2.5 
minutes reaction time measured from the moment of addition of the 
alkaline hypobromite to the moment the solution was brought to the 2.0 
ml. mark of the gas chamber for reading the volume), a reasonably stoichio- 
metric relationship was found between mg. of N evolved and mg. of pro- 
tein present, as illustrated in Fig. 2. It was found, however, that if the 
reaction time was prolonged beyond 2.5 minutes more nitrogen was evolved, 
though at a much slower rate than during the first 2.5 minutes. An 
example of the time course of the reaction is given in Fig. 3 for 20.0 mg. of 
human serum albumin (Curve A), and for 18.35 mg. of bovine y-globulin 
(Curve B). Similar curves were obtained with edestin and gelatin. 

Because arginine is the only guanidine derivative reported in proteins 
in appreciable amounts, it was thought that the N evolved from intact 
proteins by alkaline hypobromite might give a measure of the arginine 
content of those proteins. It was found, however, in the few proteins 
examined that less N was evolved than was calculated from the arginine 
contents. While the results were quite reproducible provided the reaction 
times were the same, in no case was the calculated amount of N evolved. 
The data in Table II were obtained from proteins in aqueous solutions of 
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approximately 1 per cent concentration, and the results were calculated 
on the basis of total protein N as determined by macro-Kjeldahl analysis 
(8). The values for arginine N content were taken from tables published 
by Chibnall (11) and Brand (12) and were not determined by analysis of 
the protein preparations used in these experiments; for this reason the data 
should be considered as preliminary. 


TABLE II 


Evolution of Nitrogen from Various Proteins by Alkaline Hypobromite 








Protein N Calculated {Calculated N \N evolved by 


N evolved 





. : in sample arginine N | evolvable by | hypobromite A : 
Protein in sample |hypobromite* in 2.5 min ss r oom 
(a) b (d 
mg. még me meg. 
Human serum albumin...... 3.190 0.3990 0.1894 0.1220 | 64.4 
CRBPRRSID 5.5. cst? vvaeie-secs Saeed 3.402 0.5175 0.2459 0.2373 | 92.9 
RNIN oo cum ueereheus Saher 3.404 0.9820 0.4661 0.3745 80.3 





* Calculated N corrected for 5 per cent deficit in N evolved from urea and argi- 
nine under the conditions used for the analysis. Calculated arginine N is based 
on data of Brand (12) for human serum albumin. For gelatin and edestin, caleula- 
tions are based on data assembled by Chibnall (11). 


Evolution of N by Hypobromite Reaction from Guanidine, Guanidine Deriva- 
tives, Amino Acids, and Other Compounds 


Under the conditions of the routine urinalysis, many substances besides 
proteins were found to evolve N when they reacted with alkaline hypo- 
bromite. In particular, guanidine and its derivatives of the type RiR2- 
N—C( = NH)—NH2z (where R; and Rz may be H, alkyl, or aryl groups) 
give off nearly two-thirds of their guanidine nitrogen. Of such a type are, 
for example, arginine, methylguanidine, creatine, and guanidoacetic acid, 
and of a similar type are dicvandiamide and guanylurea. The evolution 
of N from the guanidino groups is quite rapid with these compounds and is 
complete or nearly complete in the 2.5 minutes required for urine analysis. 
Another group of substances, aliphatic diamines, evolve N at a slower but 
still appreciable rate. Pentamethylene- and hexamethylenediamine, orni- 
thine and lysine evolve about 3 per cent of their total nitrogen in 2.5 
minutes, and about 10 per cent of their total nitrogen in 10 minutes. 
This evolution of nitrogen may stem from nitrile formation, ring closure 
to form an amidine, and reaction of this latter group with more hypo- 
bromite. In contrast, monoamino-, mono-, or dicarboxylic acids, aspara- 
gine, glutamine, and creatine evolve practically no N in the routine reac- 
tion time. Glutathione evolves slightly less N per mole than do the 
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diamines. Mono-N-substituted ureas evolve nearly one-half their total 
urea nitrogen. 

In addition to the above nitrogen compounds, glucose also evolves gas 
which is measured as N in the routine analyses. A 1 per cent solution of 
glucose evolves an amount of gas equivalent to approximately 0.024 gm. 
of N per liter. Hence the hypobromite method should not be employed 
for analyses of urine from diabetics. 


DISCUSSION 


The sources of error and their significance are apparent from the above 
paragraphs. Of ancillary interest is the finding that not all of the arginine 
guanidino groups in proteins appear to be available for reaction with 
alkaline hypobromite under the condition used; this suggests that some of 
these groups may be involved in linkages and are therefore not free. (There 
is little likelihood that this effect is due to exhaustion of the OBr~ because 
of the proportionality of the results with different amounts of protein. 
The expected N is evolved from protein-urea mixtures.) Similar observa- 
tions have been made in the case of egg albumin by Goldschmidt et al. 
(9); in this protein even after a 4 hour exposure to hypobromite, there was 
still some intact arginine which could be demonstrated, suggesting that 
the arginine linkages in proteins were not all identical and that some of the 
guanidino groups were protected. Of similar import are the observations 
of Roche and his collaborators (see, for example, (13)) who have used the 
Sakaguchi reaction on intact proteins and found less color developed 
than would be expected from the total arginine content of the proteins 
examined. In addition, Simms has suggested, from the evidence offered by 
his titration curves of certain proteins, that some of the arginine guanidino 
groups are somehow linked to other portions of the protein molecule (14). 
Further work is under way at present on the reaction of hypobromite with 
proteins and guanidine derivatives; preliminary experiments suggest that 
the hypobromite reaction may be of some use for rapid semimicroestima- 
tion of arginine in protein hydrolysates (cf. (15)). 


SUMMARY 


Under the conditions used for gasometric determination of urea and 
ammonia by the hypobromite reaction, the greater part of the guanidino 
groups in proteins reacts with evolution of nitrogen gas. In urine with 
high protein concentration (e.g. 30 or more gm. per liter) the nitrogen gas 
evolved from the proteins may cause a plus error of as much as 30 per 
cent in the urea determination. This error can be prevented by prelimi- 
nary removal of the proteins by Somogyi’s zine hydroxide precipitation. 

The reaction of hypobromite with human serum albumin, bovine 7- 
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globulin, edestin, and gelatin has been studied with regard to its time 
course and evolution of total nitrogen gas. The final amounts of nitrogen 
gas evolved were from 64 to 93 per cent of that which would be evolved 
by the guanidino groups of arginine in the amounts reported to be present 
in these proteins. It appears that some of the guanidino groups in the 
protein molecules are not free to react with alkaline hypobromite. 

The reactions of other substances with hypobromite have been reviewed. 
Glucose, if present in more than 2 per cent concentration, will cause evolu- 
tion of enough gas to produce a significant positive error in determination 
of urine urea. 
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LETTERS TO THE EDITORS 





THE USE OF LACTOBACILLUS LEICHMANNII IN THE 
MICROBIOLOGICAL ASSAY OF THE “ANIMAL 
PROTEIN FACTOR” 


Sirs: 


During the course of isolation studies on the “animal protein factor’’ 
we have employed a microbiological assay method to follow its separation 
and purification from various naturally occurring crude materials. Specific 


Concentrate per tube 0.1 N acid produced 
y mi. 
0 3.20 
0 3.30 
0.005 4.45 
0.010 5.65 
0.015 6.80 
0.020 8.65 
0.030 10.50 
0.050 11.40 





Medium: The 100 ml. double strength medium contains 1.0 gm. of acid-hydrolyzed 
norit-treated casein (Univ. Texas Pub., No. 4137, 82 (1941)); 20 mg. each of trypto- 
phan and cystine; 1 mg. each of adenine, guanine, xanthine, and uracil; 1 ml. each of 
Salts A, Salts B (Snell, E. E., and Wright, L. D., J. Biol. Chem., 189, 675 (1941)); 
1.2 gm. of sodium acetate; 4 gm. of glucose; 1 7 of biotin; 400 y of pyridoxine; 400 y 
of pyridoxal; 200 y each of riboflavin, thiamine, pantothenic acid, nicotinic acid; 
100 y of folic acid; 0.2 ml. of Tween 80 and 500 mg. of norit-treated tryptic digest of 
casein. (The casein digest is prepared as follows: 25 gm. of Labco casein are sus- 
pended in 250 ml. of 0.8 per cent NaHCO; and incubated under benzene with 0.5 gm. 
of trypsin for 48 hours. After digestion, the material is autoclaved 15 minutes and 
filtered. The filtrate is taken to pH 2.0, stirred 1 hour with 10 gm. of norit A, and 
filtered. The pH of the filtrate is then adjusted to 6.6 to 6.8.) Inoculum: 0.1 ml. of 
24 hour culture of L. leichmannii grown in 1 per cent tryptose milk tube suspended 
in 10 ml. of saline. Sterilization: Autoclave 15 minutes at 120°. Incubation: 37° 
for 24 hours for turbidimetric determination or 72 hours for titrimetric deter- 
mination. 


data showing the excellent correlation obtained between the microbiological 
and mouse growth! assay methods for the “animal protein factor’’ will be 
published at a later date. 


1 Bosshardt, D. K., Paul, W. K., O’Doherty, K., Huff, J. W., and Barnes, R. H., 
Abstracts, American Chemical Society, 113th meeting, 22C (1948). 
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The organism employed in the microbiological assay is Lactobacillus 
leichmannii (ATCC 4797). Its response to a highly purified preparation, 
prepared in these laboratories, demonstrated to have “animal protein 
factor” activity in the mouse, is shown in the table. Using the basa] 
medium and the conditions described in the table, we routinely have 
obtained highly satisfactory assay results with L. leichmannii for over 
year. 

Recent reports from the Merck laboratories? have indicated that the 
“animal protein factor” is identical with or closely related to vitamin 
Bio. If such is the case, it is probable that L. leichmannii may be the 
organism of choice for the microbiological assay of vitamin By». The 
complex growth requirements of L. lactis (ATCC 8000), currently employed 
as the assay organism for vitamin By2,3 have made its use in routine pro- 
cedures difficult and unpredictable. We have found that both organisms 
will respond to purified liver preparations (shown to be active as ‘“‘animal 
protein factor’’ in mice) and similarly to relatively large amounts of thy- 
midine.t* The effects of ascorbic acid and air, as reported by Shive et al} 
for L. lactis, have been demonstrated with L. leichmannii. Autoclaving 
the tests for 15 minutes at 120° minimized the effects of ascorbic acid and 
air, but the growth stimulation by thymidine must be considered in the 
interpretation of results, particularly when crude materials are assayed. 
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CONCERNING THE MECHANISM OF THE MAMMALIAN 
CONVERSION OF TRYPTOPHAN INTO 
NICOTINIC ACID* 


Sirs: 


The mechanism of the conversion of tryptophan to nicotinic acid in- 
volving kynurenine and 3-hydroxyanthranilic acid as intermediates, has 
been demonstrated in Neurospora, and confirmatory feeding experiments 


* * 
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in rats have been reported recently.2. We have shown* that tryptophan- 
8-C™ is directly converted into kynurenine in the intact mammal, but, 
because the labeled carbon atom was lost, it was necessary (by other means) 
to establish its further conversion to nicotinic acid. 

















Compound Specific activity, counts per min. per mg. 
EN RIOOD. 5 5 vd a Pac uaa ak eees caeeeeas | 2740 
N-Methylnicotinamide picrate (carrier)............ 0.75 
PINE sos .s ase aan ein ean Nc gh vedes 2.0 (2.2 calculated) 
Barium carbonate from decarboxylation. .......... 1.3 (1.2 . ) 





We have now synthesized‘ pL-tryptophan-3-C"“, and have shown that 
the conversion proceeds in the same fashion in the rat as in Neurospora. 


* This paper is based on work performed under contract No. W-7405-eng-48 with 
the Atomic Energy Commission in connection with the Radiation Laboratory, 
University of California, Berkeley. We are also indebted to the Rockefeller Founda- 
tion for support. 

1 Mitchell, H. K., and Nye, J. F., Proc. Nat. Acad. Sc., 34, 1 (1948). 

? Albert, P. W., Scheer, B. T., and Deuel, H. J., Jr., J. Biol. Chem., 175, 479 (1948). 

* Heidelberger, C., Gullberg, M. E., Morgan, A. F., and Lepkovsky, S., J. Biol. 
Chem., 176, 471 (1948). 

‘ Heidelberger, C., unpublished material. 
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The tryptophan (226 mg.) was fed to three rats by stomach tube, and 
the 24 hour urines were passed through a permutit column. The N. 
methylnicotinamide (750 yy) was eluted with KCl,> 76 mg. of carrier N. 
methylnicotinamide chloride were added, and the picrate was formed and 
purified. The amide was freed of picric acid and converted with HC] 
in a sealed tube into nicotinic acid, which was purified and decarboxylated 
vatalytically. The specific activities are shown in the table. A significant 
observation is that the carbon atom, which is a precursor to the carboxy! 
group of the hydroxyanthranilic acid, becomes the carboxyl carbon of 
nicotinic acid. 


Department of Chemistry and the Radiation CHARLES HEIDELBERGER! 
Laboratory and the Division of Poultry Epwarp P. ABRAHAM 
Husbandry SAMUEL LEPKOVSKY 


University of California 
Berkeley 


teceived for publication, September 24, 1948 


5 Hochberg, M., Melnick, D., and Oser, B. L., J. Biol. Chem., 158, 265 (1945). 

® Present address, McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison 6, Wisconsin. 

7 On leave from the Sir William Dunn School of Pathology, University of Oxford, 
England. 
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THE EFFECT OF DISSOCIATION IN LACTOBACILLUS LACTIS 
CULTURES ON THE REQUIREMENT FOR VITAMIN B,.* 


Sirs: 


Although Lactobacillus lactis Dorner (American Type Culture Collee- 
tion No. 8000) is stable in its requirement for both vitamin B,. (LLD 
factor) and the tomato juice (TJ) factor when cultured on a tomato juice- 
yeast extract-skim milk medium, the culture undergoes dissociation! when 
serial transfers are made on the usual yeast extract-glucose agar, with or 
without added tomato juice. Variants produced on this stock agar may 
grow in the amino acid assay medium with the tomato juice supplement 
only, and one isolated variant required no supplement when the concen- 
tration of the amino acids was doubled. 1-Histidine was responsible for 
a large amount of this growth. 

The medium used in the assay of the LLD factor*:* and in connection 
with the isolation of vitamin B,>' is that of Baumgarten ef al.,> modified 
by the addition of all the B vitamins at 10-fold concentration, except 
biotin and pteroylglutamie acid, which are used at 0.05 y per 10 ml. Ade- 
nine, guanine, uracil, and xanthine are added at 0.1 mg., and 0.5 ml. of 
clarified tomato juice (TJ factor) is used routinely. An extremely small 
inoculum of twice washed culture is used. 

The assay as outlined above works well with the stabilized culture and 
purified liver extracts or crystalline vitamin By,., but erratic results may 
be obtained with the dissociating culture or with some crude materials 
because of the presence of inhibitory substances.*:*® The inhibition has 
been found to be due, in part, to high concentrations of folic acid. High 
levels of serine, p-aminobenzoic acid, xanthine, MnSO,, NaCl, and FeSQ,, 
under certain conditions, also inhibit growth. 

Culture filtrates of Lactobacillus casei, Streptococcus faecalis R, and 


* Scientific paper No. A214. Contribution No. 2134 of the Maryland Agricultural 
Experiment Station (Department of Poultry Husbandry). Thisstudy was supported 
in part by a grant from Merck and Company, Inc., Rahway, New Jersey. 

1 Braun, W., Bact. Rev., 11, 101 (1947). 

*Shorb, M.S8.,.7. Biol. Chem., 169, 455 (1947). 

*Shorb, M.8., Sczence, 107, 397 (1948). 

* Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K., 
Science, 107, 396 (1948). 

‘ Baumgarten, W., Garey, J. C., Olsen, M. J., Stone, L., and Boruff, C.8., J. Am. 
Chem. Soc., 66, 1607 (1944). 

*Shorb, M.S., J. Bact., 53, 669 (1947). 
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Escherichia coli and fresh chicken droppings (frozen for 24 hours) have q 

low vitamin By» activity. 

Department of Poultry Husbandry Mary S. Suorp 
University of Maryland G. M. Briees 

College Park, Maryland 


Received for publication, September 24, 1948 





pica es iS 
7 Present address, Division of Poultry Husbandry, University of Minnesota, St, | 
Paul, Minnesota. 
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RESPONSE OF LACTOBACILLUS LEICHMANNIL 313 TO THE 
ANTIPERNICIOUS ANEMIA FACTOR 


Sirs: 


Recent observations !»? have shown that thymidine has a growth- 
stimulating effect upon Lactobacillus lactis Dorner under conditions in 
which growth is also promoted by vitamin Bj:.3:* Thymidine has also 


been found to promote the growth of Lactobacillus leichmannii 313.5 Ac- 





Addition per ml. basal medium Optical density 


E = 

None 0.06 

APA factor 0.0005 0.04 
0.0015 0.06 
0.005 0.12 
0.015 0.20 
0.05 0.37 
0.15 0.62 
0.5 0.97 
1.5 LiF 
5.0 ie 
comm 

Liver extract, injectable 0.005 O17 
0.015 0.3 
0.05 0.60 
0.15 0.86 


0.5 1.17 


cordingly, the efiect of a sample of crystalline antipernicious anemia 
factor (APA factor) was tested with this organism, with a basal medium 
similar to that described by Snell and coworkers.’ A final volume of 2 or 
4 ml. and an incubation temperature of 37° were used. Readings were 
made at 14 hours with the results given in the table. 

In other experiments higher levels of liver extract did not produce 
growth in excess of the maximum growth obtained with the APA factor. 
Half maximum growth was obtained with 0.25 to 0.5 y of thymidine per 


1 Shive, W., Ravel, J. M., and Eakin, R. E., J. Am. Chem. Soc., 70, 2614 (1948). 

? Wright, L. D., Skeggs, H. R., and Huff, J. W., J. Biol. Chem., 175, 475 (1948). 

?Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K., 
Science, 107, 396 (1948). 

‘Shorb, M.S., Science, 107, 397 (1948). 

Snell, E. E., Kitay, E., and McNutt, W. S8., J. Biol. Chem., 175, 474 (1948). 
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ml. When pteroylglutamic acid and p-aminobenzoic acid were omitted 
from the culture medium, the organism did not respond to the APA faetor 
Increasing the level of pteroylglutamic acid up to 50 y per ml. of culture 
medium did not permit growth in the absence of the APA factor. 

The results indicated that Lactobacillus leichmannii 313 may be a sengi- 
tive test organism for the crystalline antipernicious anemia factor, and 
that liver extract produced a similar response. 


Lederle Laboratories Division C. E. Horrmann 
American Cyanamid Company E. L. R. Sroxstap 
Pearl River, New York A. L. FRANKLIN 


Tuomas H. Juxgs 


Received for publication, September 29, 1948 





6 Samples of thymidine were kindly furnished by Dr. W. Shive and Dr. D. W, 
Woolley. 
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THE SITE OF CONVERSION OF CAROTENE TO VITAMIN A* 
Sirs: 


In a recent paper! from this department evidence was presented that 
one site of conversion of carotene to vitamin A in the rat was the intestinal 
wall. Since the analytical method used in these experiments was the Carr- 
Price reaction which is not specific for vitamin A, it was felt that the 
qualitative identification of vitamin A in the intestinal wall of the rat would 
strengthen the conclusions drawn. The purpose of this paper is to present 
such evidence. 
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Fic. 1. The absorption curves of nitamin A alcohol and the fluorescent material 
of the intestinal tract. 


Ten vitamin A-deficient rats were given 0.5 ml. of cottonseed oil con- 
taining 1200 y of carotene* and 0.5 per cent tocopherol by stomach tube. 
At the end of 4 hours the animals were sacrificed and the intestinal tracts 
removed. This time interval was chosen, since in the previous experi- 
ments it was found that at the end of this period the vitamin A level in 
the intestinal wall had attained its maximum value. Although vitamin A 


* Aided by a grant from the Nutrition Foundation, Inc. The author wishes to 
express his appreciation for the use of the facilities of the Hancock Foundation. 
Contribution No. 185 from the Department of Biochemistry, University of Southern 
California. 

‘Mattson, F. H., Mehl, J. W., and Deuel, H. J., Jr., Arch. Biochem., 15, 65 (1947). 

*? Obtained from General Biochemicals, Inc., Chagrin Falls, Ohio. 
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is also present in the liver at that time, the amount in the intestinal wal] 
exceeds that in the liver. The contents of the intestines were flushed out 
with 0.9 per cent sodium chloride and the intestines combined into one 
sample. The sample was saponified with alcoholic KOH and extracted 
with Skellysolve A. The petroleum ether was then extracted three times 
with 90 per cent methyl alcohol. In this way most of the vitamin A js 
extracted by the methyl alcohol, leaving the carotene in the Skellysolve, 
Sufficient water was then added to the methyl] alcohol solution to reduce 
the concentration of alcohol to approximately 50 per cent. This was then 


extracted with Skellysolve B. The Skellysolve was dried with anhydrous 
sodium sulfate and reduced to a small volume in a stream of nitrogen. 
This was placed on a column of 1:1 magnesium oxide-Hyflo and the chro- 
matogram developed with Skellysolve B. The fluorescing band was 
separated mechanically and eluted with Skellysolve B containing a small 
amount of ethyl aleohol. The absorption curve of this fluorescing band 
was determined on the Beckman spectrophotometer. These results 
with those determined on vitamin A alcohol’ are shown in the graph. A 
mixed chromatogram of vitamin A alcohol and the fluorescent material 
isolated from the intestines gave a single fluorescing band on a column of 
magnesium oxide and Hyflo with Skellysolve B as the solvent and de- 


veloping agent. 

Since the material isolated from the intestines of the rats exhibited 
fluorescence, possessed an absorption curve similar to that of vitamin A, 
and showed a single fluorescing band in a mixed chromatogram with vitamin 
A, it is reasonably certain that vitamin A is present in the intestinal wall 
of rats 4 hours after supplementing with carotene. 


Department of Biochemistry and Nutrition Frep H. Marrson’ 
University of Southern California School of 
Medicine 
Los Angeles 


teceived for publication, October 4, 1948 


3 Obtained from Distillation Products, Inc., Rochester, New York 
4 Present address, The Procter and Gamble Company, Cincinnati, Ohio 
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OXIDATION IN VIVO OF EMULSIFIED RADIOACTIVE 
TRILAURIN ADMINISTERED INTRAVENOUSLY* 
Sirs: 

Studies conducted in this laboratory have clearly shown that fat in- 
jected intravenously in an emulsified form is utilized for energy by the 
dog The rate of disappearance of such fat from the blood of various 
species has been found to be very rapid. In order to determine how 
rapidly such fat is metabolized in vivo, use has been made of an emulsion 
which contained radioactive trilaurin. The radioactive lauric acid present 


Excretion of CO: by Rat following Intravenous Injection of 
Emulsified Trilaurin (—C“OO—) 





Time of collection 


Sample No. in 2 Specific activity* Injected C activity 








expired 
Per sample | Total 

min. min. per cent 

1 10 | 10 4100 2.76 
2 10 20 7560 7.23 
3 15 35 9060 15.77 
+ 20 55 7910 25.39 
5 35 90 7220 40.01 
6 40 130 5510 51.31 
7 35 165 3580 58.43 
8 35 | 200 2640 63.78 
9 35 | 235 2050 67.18 

10 


35 | 270 1670 70.85 


* Specific activity = counts per minute per mg. of CQ: carbon. 





in the trilaurin contained C™ in the carboxyl group, and the trilaurin was 
made by direct esterification? An emulsion was made containing 0.6 
gm. of coconut oil, 0.4 gm. of the trilaurin, water, dextrose, and stabilizers, 
and made up to a total volume of 20 ml. This product was sealed in 
glass ampules under N» and sterilized by autoclaving. 

Although a number of metabolic studies have been carried out, only 
one typical example will be described here. A non-fasted female rat 


* Supported in part by grants-in-aid from the Nutrition Foundation, Inc., the 
Milbank Memorial Fund, The Upjohn Company, and the National Dairy Council. 

‘McKibbin, J. M., Ferry, R. M., Jr., and Stare, F. J., J. Clin. Invest., 25, 679 
(1946). 

? Geyer, R. P., Mann, G. V., and Stare, F. J., J. Lab. and Clin. Med., 33, 175 (1948). 

* Details concerning the syntheses and emulsification techniques will be described 
in amore complete paper now in preparation. 
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weighing 270 gm. was anesthetized lightly with ether and was injected 
intravenously through a tail vein with 3.9 ml. of the above emulsion. The 
animal was immediately placed in a respirometer chamber and seria] 
samples of expired CO, were collected in 1 N NaOH. ‘Total CO> deter. 
minations were made by the Van Slyke manometric technique, and radio- 
activity assays were made on BaCO; samples prepared from the alkali- 
carbonate solution. Preparation of the samples and counting were 
accomplished according to the method described by Olson ef a/.* The results 
are given in the accompanying table. 

Essentially the same results were obtained with animals fasted 24 
hours. From these data it is apparent that properly emulsified fat is 
utilized immediately for energy following its intravenous administration, 


Department of Nutrition, Harvard School of ROBERT P. GEYER 
Public Health, and Department of Biological JUNE CHIPMAN 
Chemistry, Harvard Medical School F. J. STARE 


Boston 


Received for publication, October 14, 1948 





‘ Olson, R. E., Miller, O. N., Topper, Y. J., and Stare, F. J., J. Biol. Chem., 196, 
503 (1948). 
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2,6-DIAMINOPURINE, A PRECURSOR OF NUCLEIC 
ACID GUANINE* 


Sars: 


2 ,6-Diaminopurine (2-aminoadenine), which was postulated! as one of 
the possible intermediates involved in the conversion of adenine into 
nucleic acid guanine,? has been synthesized* with isotopic nitrogen in the 1 





Calculated on 
Atom per cent excess N}5* pone ge hn on 
| rine fed 
2,6-Diaminopurine (dietary). .. | 5.44 5.45 100 
Sodium nucleic acids. ... ose) GROTG 0.075 
Copper purines. 0.148 (0.157T) 
Adenine (calculated from picrate)tf... 0.043 0.78 
(free) f. a we rs 0.042 3 
Guanine sulfatet xo ents ; nee 0.222 4.0 
= (free) ft. | 0.216 : 
Silver pyrimidines Saeed | 0.022 0.40 
Allantoin.... Rares 0.336 0.335 6.2 
Urea. . ; re : | 0.023 0.023 0.42 
Ammonia .....| 0.020 0.022 0.38 
Total urinary nitrogen ........... ener | 0.051 0.054 0.96 


*Consolidated-Nier ratio mass spectrometer; duplicates are on independent 
digestions and conversions. 

+ Insufficient gas sample for optimum determination. 

t The guanine was shown to be free of adenine by paper chromatography (Vischer, 
E., and Chargaff, E., J. Biol. Chem., 176, 703 (1948)). The adenine contained a trace 
of foreign material, not definitely identified as guanine. 


and 3 positions of the ring and in the 2 amino group. It was administered 
by stomach tube to rats at a level of 29 mg. per kilo per day for 3 days. 


* The authors wish to acknowledge the assistance of the James Foundation of New 
York, Inc., the National Cancer Institute of the United States Public Health Service, 
and the Office of Naval Research. 

‘ Brown, G. B., Cold Spring Harbor symposia on quantitative biology, Cold Spring 
Harbor, 13, in press. 

* Brown, G. B., Roll, P. M., Plentl, A. A., and Cavalieri, L. F., J. Biol. Chem., 172, 
169 (1948). 

* Bendich, A., Tinker, J. F., and Brown, G. B., J. Am. Chem. Soc., 70, 3109 (1948). 
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The urinary constituents and the total nucleic acids of the viscera wer 
examined (see the table). 

The results indicate that 2,6-diaminopurine is an effective precursor of 
nucleic acid guanine. 

It is interesting that both adenine and 2,6-diaminopurine are toxic for 
rats at levels at which other purines have proved to be non-toxic, and that 
2,6-diaminopurine evinces apparent “antipurine-metabolite’’ behavior! 
under certain conditions. In so far as the authors are aware, the presence 
of this purine has not been detected in nature. 


Sloan-Kettering Institute for Cancer Research Aaron BENDICH 
New York GEORGE BoswortH Browy 


Received for publication, October 15, 1948 


174, 765 (1948). 
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GLUTAMINE AND THE GROWTH OF 
STAPHYLOCOCCUS AUREUS 


Sars: 


Grossowicz! recently reported experiments from which he concluded 
that the addition of 0.6 to 2.0 mg. of L-glutamine per ml. of medium (sup- 
plemented casein hydrolysate) inhibited the growth of Staphylococcus 
aureus, and that this inhibition was abolished by L-glutamate. Inhibi- 
tions by commercial preparations of L-glutamine had been observed in this 


Growth of Staphylococcus aureus on the medium of Lichtenstein and Grossowiez* 
at 37°. Inoculum 10‘ organisms from 16 hour broth culture. The L-glutamate and 
L-glutamine were sterilized by filtration of a 1 per cent stock solution. 0 indicates 
nogrowth, + visible growth, ++++ maximum growth. 


Growth 
Substances added to 5 ml. medium 


16 hrs. 24 hrs. 48 hrs. 
None.... bali tee rrvals + ++ +++-+4 
L-Glutamine (British Drug Houses), 10 mg. 0 0)? ++4++4 
- 7 a ‘« purified), 

2-40 mg..... oan + $+4+ +444 
t-Glutamate, 2 mg.. 0? +4 +++ 
Zn (as ZnCl»), 0.001 mg.. . wie 0 0 0 
bie Es Ge et sede 0 0 0? 

“ “0.001 “ L-glutamate, 2 mg. 0 +4 ++++ 

“ oa . > a 0 +++ | +4+4++4+ 

es 0.01 ‘* u-glutamine, 10 mg. 0 ++ +444 

Sd we, 5 : _* 0? | +++ | +4+++ 


* Lichtenstein, N., and Grossowiez, N., J. Biol. Chem., 171, 387 (1947). 


laboratory some time ago during work on streptococci, but no inhibition 
occurred when pure glutamine was used. ‘Two strains of Staphylococcus 
aureus showed results similar to those of Grossowicz when a preparation 
of t-glutamine from The British Drug Houses (Batch 639261) was used. 
This specimen was purified by passing H,S through a slightly alkaline 
solution and then treating it according to Archibald.? Concentrations up 
to 8.0 mg. per ml. of the purified material did not inhibit growth. The 
British Drug Houses examined the above batch of impure glutamine 
polarographically, and found 0.75 per cent Zn and 0.44 per cent Ba. The 
amide nitrogen was 54 per cent of the theoretical value. Other impurities 


' Grossowicz, N., J. Biol. Chem., 173, 729 (1948). 
* Archibald, R. M., J. Biol. Chem., 159, 693 (1945). 
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were arginine (2 per cent), ammonium pyrrolidone carboxylate, and am. 
monium glutamate. Zn in concentrations comparable to thos: present 
in impure glutamine inhibited growth completely; this inhibition was 
reversed by u-glutamate and L-glutamine (see the table). 

As Grossowicz used commercial preparations of glutamine, one of which 
was supplied by The British Drug Houses, it is probable that the inhibitions 
observed by him were due to impurities. 


Medical Research Council Unit for Cell DD. I. Huenes 
Metabolism 
Department of Biochemistry 
The University 
Sheffield 10, England 


Received for publication, October 26, 1948 
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THE PARTICIPATION OF INORGANIC PYROPHOSPHATE IN 
THE REVERSIBLE ENZYMATIC SYNTHESIS OF 
DIPHOSPHOPYRIDINE NUCLEOTIDE 


Sirs: 


A purified enzyme preparation has been obtained from an autolysate of 
dried brewers’ yeast by ammonium sulfate fractionation and isoelectric pre- 
cipitation which catalyzes the reaction: nicotinamide mononucleotide 
(NMN) + adenosine triphosphate (ATP) = DPN + inorganic pyrophos- 


DPN synthesis,* micromoles ATP synthesis,* micromoles 


Substance estimatedt — per am 
0 min. 60 min. A 0 min 60 min. A 

OC 2) ee Yase | as0u 0.0 
ALE 2.20 1.36 —0.84 0.0 1.02 | +1.02 
DPN 0.0 0.74 +0). 74 1.50 0.61 —0.89 
p-P 0.0 0.83 +0.83 1.80 0.79 —1.01 
Orthophosphate ; 0.11 0.13 0.16 0.09 
Phosphate, acid-labile ....| 4.44 4.50 3.60 3.66 


*For DPN synthesis, 1.0 ml. of reaction mixture contained 50 y of the enzyme 
preparation, 0.3 micromole of MgCl, and 50 micromoles of glycylglycine buffer 
(pH 7.4) in addition to ATP and NMN; for ATP synthesis 1.0 ml. contained 50 y of 
the enzyme preparation, 0.75 micromole of MgCl., and 50 micromoles of glyeyl- 
glycine buffer (pH 7.4) in addition to DPN and P-P. Constant values were reached 
after 30 to40 minutes at 38°. 

+ ATP was estimated spectrophotometrically by triphosphopyridine nucleotide 
reduction in the presence of glucose, hexokinase, and Zwischenferment, and DPN 
by reduction with the triose phosphate dehydrogenase system. Inorganic pyro- 
phosphate was estimated as orthophosphate after acid hydrolysis of the precipitated 
and washed manganous salt and acid-labile phosphate as the orthophosphate re- 
leased after 10 minute hydrolysis in 1 NH2SO, at 100°. 

t NMN was prepared by hydrolysis of DPN with nucleotide pyrophosphatase. 2 
After purification the ratio, nicotinamide-ribose moiety to organic phosphate, 
was 1.0. 


phate (P-P). In the table are summarized two experiments in which 
equilibrium was attained starting from the left (DPN synthesis) and the 
right (ATP synthesis). The equilibrium constant, K = ((DPN)(P-P))/- 
((NMN)(ATP)), caleulated from the data of the two experiments is 0.3 in 
one case and 0.5 in the other. The concentrations of acid-labile phosphate 
were unchanged and no orthophosphate was produced. Nicotinamide nu- 


' Kornberg, A., J. Biol. Chem., 174, 1051 (1948). 
? Kornberg, A., and Lindberg, O., J. Biol. Chem., 176, 665 (1948). 
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cleoside, adenosine diphosphate, and adenylic acid were inactive in DPN 
synthesis. The reduced form of DPN was split by the purified enzyme 
preparation in the presence of inorganic pyrophosphate, but triphospho. 
pyridine nucleotide and flavin-adenine dinucleotide were not. The posgj- 
bility that the latter two nucleotides may participate in analogous reactions 
with crude enzyme preparations requires further study. 

These findings indicate a mechanism for the synthesis of DPN and for 
the origin and function of inorganic pyrophosphate. Ochoa, Cori, and 
Cori’ isolated inorganic pyrophosphate from dialyzed rat liver dispersions 
in which glutamate, pyruvate, or succinate was being oxidized. It wag 
later identified in washed rabbit kidney particles oxidizing glutamate,:? 
in molds,> and in yeast. The present findings suggest that the accumula- 
tion of inorganic pyrophosphate in fungi and in tissues may be explained by 
a sequence of three reactions: (1) the irreversible hydrolysis of DPN by 
nucleotide pyrophosphatase! ? to yield NMWN and adenylic acid, (2) the 
phosphorylation of adenylic acid to ATP in respiration or fermentation, and 
(3) the combination of NMN with ATP to produce inorganic pyrophos- 
phate and regenerate DPN. 


National Institutes of Health ARTHUR KornBERG 


Bethesda 
Maryland 


Received for publication, November 10, 1948 

3 Cori, C. F.,in Asymposium on respiratory enzymes, Madison (1942 

‘Green, D. E., ef al., Abstracts, American Chemical Society, Atlantic City; 26B, 
April (1947). 

5 Mann, T., Biochem. J., 38, 345 (1944). 

6 Lindahl, P. E., and Lindberg, O., Nature, 157, 335 (1946). 

7The valuable technical assistance of Mr. W. E. Pricer, Jr., is gratefully 
acknowledged. 
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RELATION OF VITAMIN By TO THE GROWTH FACTOR 
PRESENT IN COW MANURE 


Sirs: 

Crystalline vitamin B.2, reported by Ott et al.' to have activity for chick 
growth, has been found to be completely effective, either orally or by intra- 
muscular injection, when tested by the method developed in this labora- 
tory? to assay quantities of the unknown growth factor occurring in cow 
manure, in fish-meal, and in some other feedstuffs of animal origin. Details 


} 


Experiment | Supplement ge ag No. of erry may 

No. | ¥ per 100 gm. chicks of age 
al gm. 

1 | None 9 40.6 
Acid ppt. 75,000 9 77.3 
pay Ate 150, 000 8 89.1 
300 , 000 8 94.9 
Vitamin Bye (erystalline)* 0.25 9 62.6 
ee ee ss 0.50 9 81.7 
= 1.00 8 85.4 
a 2.00 9 | 100.9 


Single injection 
of supplement, 
y per chick 


2 None 8 89.3 
2 unit liver extractT 100 , 000 9 98.3 

: e9 200 , 000 8 | 115.0 

7 ae ee 300 , 000 9 | 116.6 

Vitamin Bie (erystalline) 1.25 9 | 123.4 

zi ee ss 2.5 9 123.3 

“ 5.0 9 | 120.4 





* Prepared by Merck and Company, Inc., Rahway, New Jersey. 
t Liver injection (crude), 2 U. S. P. units per ml. 


of the method were the same as those reported previously,” except that the 
progeny of undepleted hens were used in the second of the two experi- 
ments. Injections were made into the breast muscle on the Ist day of the 
14 day experimental period. 

The results in the table show that the maximum growth response was 
the same in Experiment 1 for crystalline vitamin By and the acid precipi- 


1 Ott, W. H., Rickes, E. L., and Wood, T. R., J. Biol. Chem., 174, 1047 (1948). 
* Bird, H. R., Rubin, M., and Groschke, A. C., J. Biol. Chem., 174, 611 (1948). 
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tate of water extract of cow manure, and essentially the same in Experi- 
ment 2 for the crystalline vitamin and 2 unit liver extract. The gains 
obtained in Experiment 1 were plotted against the dietary level of the 
crystalline vitamin and a dose-response curve constructed. The gain 
obtained with the lowest level of acid precipitate was applied to the straight 
line portion of the curve, and it was calculated that the acid precipitate 
contained the equivalent of 5.8 y of vitamin By. Comparative chick and 
bacterial assays would be of interest as a means of determining the possible 
existence of different forms of the vitamin. 

In view of the potency of this vitamin as a bacterial growth factor the 
injection experiments are of particular interest since they show that its 
effect on the chick is direct and not mediated through the intestinal flora. 


Bureau of Animal Industry RosBert J. LILue 
Agricultural Research Administration CHARLES A. Dentoy 
United States Department of Agriculture H. R. Brrp 


Beltsville, Maryland 


teceived for publication, October 23, 1948 
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SUBJECTS 


Benzylpenicillenic acid: 
cillin synthesis, 
Turner, and du Vigneaud, 


893 


penter, 


penter, Turner, and du Vigneaud, 


893 | 
Benzylthiopyruvic acid: S-, N-acetyl-S- | 
conversion, Ste- | 


benzyl-L-cysteine, 
kol, 33 
—, synthesis, Stekol, 33 
Bile: Pregnancy, pregnanol-3 (a)-one-20, 
pregnanediol-3(a),20(8), and etio- 
cholanediol-3 (a) ,17(8), isolation, 
Pearlman and Cerceo, 847 
Biotin: Analogues, mode of action, Azel- 
rod, Purvis, and Hofmann, 695 
Blood plasma fat-soluble material, ac- 
tivity, Trager, 133 
Metabolism, McCoy, McKibben, Azel- 
rod, and Hofmann, 1327 
Mosquito larva, nutrition effect, 
Trager, 1211 
Oxy-, metabolism, chick, McCoy, Mc- 
Kibben, Azelrod, and Hofmann, 
1319, 1327 


—, tissue deposition, McCoy, Mckib- 


ben, Axelrod, and Hofmann, 1319 
Biuret: Urine protein determination, 
Hiller, Greif, and Beckman, 1421 


Blood: Carbon monoxide determination, 
saponin substitutes, Hiller, Plazin, 
and Van Slyke, 1431 

Group A-specific substance, gastric 
mucin, ion exchange resins in isola- 
tion, Bennett and Niemann, 969 

Oxygen determination, saponin sub- 


stitutes, Hiller, Plazin, and Van 
Slyke, 1431 
Protein. See also Hypoproteinemia 


Tooth composition, relation, Sobel and 
Hanok, 1103 
Zinc, Vallee and Gibson, 445 
— determination, micro-, dithizone 
method, Vallee and Gibson, 435 
Blood cell(s): Red, protoporphyrin, pro- 
tein and iron deficiency, effect, Cart- 
wright and Wintrobe, 571 

—, zine, Vallee and Gibson, 445 


Benzylpeni- | 
intermediate, Car- | 
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Blood cell(s)—continued: 
White, zinc, Vallee and Gibson, 445 
See also Polyeythemia 


| Blood plasma: Copper, protein and iron 
Benzylpenicillin: Synthesis, benzylpeni- | 
cillenic acid as intermediate, Car- 


deficiency, effect, Cartwright and 
Wintrobe, 571 
Creatine, testosterone and methyl- 
testosterone effect, Levedahl and 
Samuels, 327 
Creatinine, testosterone and methyl- 
testosterone effect, Levedahl and 
Samuels, 327 
Fat-soluble material, biotin activity, 
Trager, 133 
Guanidoacetic acid, testosterone and 
methyltestosterone effect, Levedahl 
and Samuels, 327 
Iron, protein and iron deficiency, ef- 
fect, Cartwright and Wintrobe, 571 
Lecithin turnover, radioactive phos- 
phorus in study, Zilversmit, Enten- 
man, and Chatkoff, 209 
Phospholipides, turnover, choline ac- 
tion, relation, Zilversmit, Entenman, 
and Chaikoff, 193 
Proteins, biophysics, Deutsch and 
Nichol, 797 
—, hypothyroidism, testosterone pro- 
pionate effect, Leathem, 1285 
Sphingomyelin turnover, radioactive 
phosphorus in study, Zilversmit, En- 
tenman, and Chaikoff, 209 
Zine, Vallee and Gibson, 445 
Blood serum: Albumin, fractionation, 
sodium sulfate use, Kibrick and 
Blonstein, 983 
Globulins, fractionation, sodium sul- 
fate use, Kibrick and Blonstein, 983 
Hypoproteinemia, electrophoresis, 
Cartwright, Smith, Brown, and Win- 


trobe, 585 
Immune, fractions, biophysics, Deutsch 
and Nichol, 797 
Vasoconstrictor, Rapport, Green, and 
Page, 1237, 1243 
—, chemical inactivation, Rapport, 
Green, and Page, 1237 


—, isolation and characterization, Rap- 
port, Green, and Page, 1243 
Brain: Ammonia, Richter and Dawson, 
1199 


Glutamine, Richter and Dawson, 1199 
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Brominated compound(s): Enzymatic 
dehalogenation, Heppel and Porter- 
field, 763 

Butyrate: Liver glycogen, incorporation, 
pathways, Lifson, Lorber, Sakami, 
and Wood, 1263 


Butyric acid: 2,2’-Dithioliso-, asparagus, | 


isolation and identification, Jansen, 


657 | 


C 


Calcification: Tooth, Sobel and Hanok, | 


1103 

Carbohydrate(s): Amylaceous, molec- 
ular association, Jeanes, Schieltz, 
and Wilham, 617 
Metabolism, plants, Stumpf, 233 
Carbon: Radioactive, glucose oxidation, 
alloxan diabetes, use in study, Zil- 
versmit, Chaikoff, Feller, and Masoro, 

389 

Carbon dioxide: Fixation, citrulline syn- 
thesis, Grisolia and Cohen, 929 
Malate conversion, Lactobacillus arab- 
inosus, Korkes and Ochoa, 463 


Carbonic anhydrase: Determination, | 


electrometric and colorimetric, Wz7l- 
bur and Anderson, 147 
Carbon monoxide: Blood, determination, 
saponin substitutes, Hiller, Plazin, 
and Van Slyke, 1431 
Carbonyl: -Labeled pyruvic acid, syn- 
thesis, Anker, 1333 
Carboxypeptidase: Pancreas, identifica- 
tion, Smith and Hanson, 997 
Carcinogenesis: Tissue proteins and, 
Griffin, Nye, Noda, and Luck, 1225 
Carotene: Vitamin A, conversion site, 
Mattson, 1467 
Casein: Amino acids, hydrolysis effect, 
Hankes, Riesen, Henderson, and 
Elvehjem, 467 
-Low diets, growth, amino acids, ef- 
fect, Singal, Sydenstricker, and Lit- 
tlejohn, 1063 

— —, nicotinic acid storage, amino 
acids, effect, Singal, Sydenstricker, 
and Littlejohn, 1063 
Chlorella: Fatty acids, Milner, 813 





Chlorinated compound(s): Enzymatic 
dehalogenation, Heppel and Porter. 
field, 763 

Chloroethyl: 8-, vesicants, thy mus, ef. 


fect, Chanutin and Ludewig, 1063 
Cholesterol: Synthesis from acetate, ad- 
renal cortical tissue, Srere, Chaikof, 
and Dauben, 829 
Choline: Growth, effect, 7'readwell, 114) 
—, protein-low diet, effect, Treadwell, 
1149 

Lipotropism, effect, 7’readwell, 114] 
—, protein-low diet, effect, Treadwell, 
1149 

Phospholipide turnover, liver and blood 
plasma, relation, Zilversmit, Enten- 
man, and Chaikoff, 193 
Sulfur analogue, behavior, aw and 
du Vigneaud, 1029 
Citrulline: Synthesis, carbon dioxide 
fixation, Grisolia and Cohen, 929 
Clostridium botulinum: Toxin, type A, 
crystalline, physicochemical proper- 
ties, Putnam, Lamanna, and Sharp, 

401 

Cobalt: Glycylglycine dipeptidase age- 
tion, rdle, Smith, 91 
Polycythemia, cysteine, histidine, and 
methionine effect, Orten and Bue- 


ciero, 961 
Collagen: Guinea pig, Lightfoot and 
Coolidge, 477 


Copper: Blood plasma, protein and iron 
deficiency, effect, Cartwright and 


Wintrobe, 571 

Corn: Tissue nicotinic acid, effect, Sin- 
gal, Sydenstricker, and Littlejohn, 

1069 

Cozymase: Reduction, sodium __ boro- 

hydride effect, Mathews, 229 


See also Diphosphopyridine nucleotide 
Creatine: Blood plasma, testosterone 
and methyltesterone effect,  Leve- 
dahl and Samuels, 327 
Urine, testosterone and methyltestos- 
terone effect, Levedahl and Samuels, 

327 

Creatinine: Blood plasma, testosterone 
and methyltestosterone _ effect, 
Levedahl and Samuels, 327 
Urine, testosterone and methyltestos- 
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SUBJECTS 


Creatinine-—continued: 
terone effect, Levedahl and Samuels, | 
27 | 
Cyanate: Streptomycin, effect, Fitz- | 
gerald, 993 | 
Cyclophorase: System, Graffin and | 
Green, 95 | 
Knox, Noyce, and Auerbach, 117 | 
Atchley, 123 | 


Cysteine: N-Acetyl-S-benzyl-.-, S-ben- 
zylthiopyruvic acid, conversion, Ste- | 


kol, 33 | 
Cobalt polycythemia, effect, Orten and | 
Bucciero, 961 


pi-8,8-Diethyl-, synthesis, du Vi- | 
gneaud, Stacy, and Todd, 907 
pL-$-Ethyl-8-methyl-, synthesis, du 
Vigneaud, Stacy, and Todd, 907 
Cystine: -Deficient diet, pi-lanthionine, 
growth effect, Jones, Caldwell, and 


Horn, 65 
Growth, effect, Treadwell, 1141 
—, protein-low diet, effect, Treadwell, 

1149 


Lipotropism, effect, Treadwell, 1141 

—, protein-low diet, effect, Treadwell, 
1149 | 

Synthesis, Farlow, 71 


Dehydroisoandrosterone: Urine, deter- 
mination, colorimetric, Munson, 
Jones, McCall, and Gallagher, 73 

Dextran: Leuconostoc mesenteroides, | 
preparation and _ characterization, 
Jeanes, Wilham, and Miers, 603 

Molecular association, Jeanes, Schieltz, 
and Wilham, 617 

Diabetes: Alloxan, glucose oxidation, | 
radioactive carbon in study, Zilver- | 
smit, Chaikoff, Feller, and Masoro, 

389 | 


Cytidine: Determination, pyrimidine- 
deficient Neurospora, use, Loring, 
Ordway, and Pierce, 1123 

” | 

Dehydro-l-ascorbic acid: Isolation, | 
Moubasher, 529 | 

Dehydrogenase: Succinic, oxalacetate ef- | 
fect, Pardee and Potter, 1085 | 

| 


| 
| 
| 


| Diaminopurine: 2,6-, 


1495 


nucleic acid gua- 
nine, precursor, Bendich and Brown, 
1471 

Diet: Tooth composition, relation, Sobel 
and Hanok, 1103 
Diethylcysteine: pL-8,8-, synthesis, du 
Vigneaud, Stacy, and Todd, 907 
Dimethylaminoazobenzene: 4-, metabo- 
lism, liver, Mueller and Miller, 535 


| Dimethylethanolamine: Lipide phos- 
phorylation, effect, Artom and Cor- 
natzer, 949 
Dimethyl-8-propiothetin: Methionine 


synthesis, réle, Dubnoff and Borsook, 
789 


Dimethylthetin: Methionine synthesis, 
role, Dubnoff and Borsook, 789 
-Related compounds, labile methyl 
groups, source, Maw and du Vi- 
gneaud, 1037 
Dipeptidase(s): Smith, §, 21 
Glyeylglyeine, action, cobalt rdle, 


Smith, 21 
Glycyl-t-leucine, tissue, Smith, 9 
Diphosphopyridine nucleotide: Embryo, 
chick, Levy and Young, 185 
Purification, counter-current distribu- 
tion, Hogeboom and Barry, 935 
Pyrophosphatase, Kornberg and Lind- 
berg, 665 
Synthesis, enzymatic, inorganic pyro- 
phosphate relation, Kornberg, 1475 

See also Cozymase 
Dithiolisobutyric acid: 2,2’-, asparagus, 
isolation and identification, Jansen, 
657 
Dithizone: Blood and tissue zinc, deter- 
mination, micro-, use, Vallee and 
Gibson, 435 
Dye: Azo, carcinogenic, liver proteins, 
effect, Griffin, Nye, Noda, and Luck, 


1225 

E 
Embryo: Chick, chemistry, Levy and 
Young, 185 
—, diphosphopyridine nucleotide, 
Levy and Young, 185 


Enzyme (s): Action, structural analogues, 
use in study, Azelrod, Purvis, and 
Hofmann, 695 
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Enzyme (s)—continued: F 
Brominated and chlorinated com- Fat(s): -Soluble material, biotin-like 
pounds, dehalogenation, Heppel and mosquito larva nutrition effect, 
Porterfield, 763 Trager : 1211 
Casein amino acids, hydrolysis, ae blood phhema, bictin activite 
Hankes, Riesen, Henderson, and Trager — on 
Elvehjem, pe : 467 | Fatty acid(s): Chlorella, Milner, 813 
Diphosphopyridine nucleotide synthe- | Citi Gratin and Green 95 
¢ ’ oh Ue NF UIs 


sis, inorganic pyrophosphate rela- | 


tion, Kornberg, 


1475 | 


Glycolytic, tissue, fractionation, Le- | 


Page and Schneider, 
Intracellular distribution, Schneider, 


1021 | 


259 | 
Respiratory, determination, Potter, 
Pardee, and Lyle, 1075 


See also 
Aldolase, Aminopeptidase, Amylase, 
Anhydrase, Arginase, Carboxypep- 
tidase, Cyclophorase, Dehydrogen- 
ase, Dipeptidase, Oxidase, Phospho- 
transferase, Pyrophosphatase, Tyro- 
sinase, Urease 

Epinephrine: Kidney phosphatase and 
arginase, effect, Kochakian and Bart- 
lett, 243 

Liver phosphatase and arginase, effect, 

Kochakian and Bartlett, 243 
Erythrocyte (s): See Blood cell, red 
Escherichia coli: Pyruvate synthesis, 

acetyl precursor, Kaplan and Lip- 

mann, 459 
Estriol: 16-Ketoestrone conversion, in 

vivo, Stimmel, Grollman, and Huff- 

man, 461 
Estrone: 16-Keto-, conversion to estriol 

in vivo, Stimmel, Grollman, and Huff- 

man, 461 
Ethanolamine: Dimethyl-, lipide phos- 

phorylation, effect, Artom and Cor- 

natzer, 949 

Lipide phosphorylation, effect, Artom 
and Cornatzer, 949 

Methyl-, lipide phosphorylation, ef- 
fect, Artom and Cornatzer, 949 

Ethyl-8-methylcysteine: pL-8-,synthesis, 

du Vigneaud, Stacy, and Todd, 907 


—, sparking, Knox, Noyce, and Aver. 
bach, 117 
Feces: Amino acids, Sheffner, Kirsner, 
and Palmer, 89 
Protein nitrogen, biochemistry, Al. 

banese, Davis, Lein, and Smetak, 
1189 


. : | Ferritin: Liver vasodepressor substance 
Adenosinetriphosphatase, | ; 


relation, Mazur and Shorr, 771 
Flavicidin: Aspergillus flavus, Adler and 
Wintersteiner, 73 


| Food(s): Arginine determination, micro- 


biological, Horn, Jones, and Blum, 
59 

Phenylalanine determination, micro- 
biological, Horn, Jones, and Blum, 


679 
Formate: Glycogen conversion from, 
Sakami, 995 


Serine conversion from,.Sakami, 99% 


| Fuchsin: -Sulfurous acid test, heparin, 


Etiocholanediol-3(a),17(8): Bile, preg- | 
nancy, isolation, Pearlman and Cer- | 


ceo, 847 


Jorpes, Werner, and Aberg, 27 
G 
Gastric juice: Mucin, determination, 


Siplet, Komarov, and Shay, 545 
Globulin(s): Blood serum, fractiona- 
tion, sodium sulfate use, Kibrick and 
Blonstein, 983 


y-, immunology and electrophoresis, 

Jager, Smith, Nickerson, and Brown, 

1177 

Glucose: Labeled, oxidation, alloxan dia- 

betes, Zilversmit, Chaikoff, Feller, 

and Masoro, 389 

Glutamic acid: Growth, effect, Rose, 

Oesterling, and Womack, 753 
Pteroyl-. See Pteroylglutamic acid 

Glutamine: Brain, Richter and Dawson, 

1199 

Staphylococcus aureus growth, relation, 

Hughes, 1473 
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SUBJECTS 


Glycine: Carbon-labeled, hemoglobin 
synthesis, Altman, Casarett, Masters, 
Noonan, and Salomon, 

Glycogen conversion from, Sakami, 
995 

Glyeyl-. See Glyeylglycine 

Serine conversion from, Sakamt, 


319 | 


1497 

| Growth—continued: 
Methionine-deficient diet, pu-lanthio- 
nine effect, Jones, Caldwell, and 
Horn, 65 


995 | 


. | 
Glycogen: Formate conversion to, Sa- | 


kami, 995 
Glycine conversion to, Sakami, 
Liver, acetate and butyrate incorpora- 

tion, pathways, Lifson, Lorber, Sa- 
kami, and Wood, 1263 
Glycolysis: Enzymes, tissue, fractiona- 
tion, LePage and Schneider, 1021 
Tumor, LePage, 


| 


995 | 


1009 | 


Glycylglycine: Dipeptidase, action, co- | 


balt réle, Smith, 21 
Glycyl-L-leucine: Dipeptidase, tissue, 
Smith, 9 


Growth: Amino acids, effect, Rose, Oes- | 


terling, and Womack, 753 
Aspartic acid effect, Rose, Oesterling, 
and Womack, 753 
Casein-low diets, amino acids, effect, 
Singal, Sydenstricker, and Littlejohn, 


1063 
Choline effect, Treadwell, 1141 
Cystine effect, Treadwell, 1141 


Cystine-deficient diet, pi-lanthionine 
effect, Jones, Caldwell, and Horn, 
65 

Factor, manure, vitamin By relation, 
Lillie, Denton, and Bird, 1477 
Glutamic acid effect, Rose, Oesterling, 


and Womack, 753 
Hemophilus parainfluenzae, putres- 
cine effect, Herbst and Snell, 989 


Hormone, pituitary, anterior, prepara- 
tion, Wilhelmi, Fishman, and Rus- 


sell, 735 
—,—, iodine, Li, Simpson, and Evans, 
843 


Lactic acid bacteria, amino acid effect, 
Brickson, Henderson, Solhjell, and 
Elvehjem, 517 

Leuconostoc citrovorum, factor, Sauber- 
lich and Baumann, 165 

Lipotropism and, Treadwell, 1141, 1149 

Methionine effect, Treadwell, 1141 





‘Hemophilus 


Protein-low diets, cystine, methionine, 
and choline, effect, Treadwell, 1149 
Staphylococcus aureus, glutamine rela- 
tion, Hughes, 1473 
Thiopyruvie acid effect, Stekol, 33 
Guanidoacetic acid: Blood plasma and 


urine, testosterone and methyl- 
testosterone effect, Levedahl and 
Samuels, 327 


Guanine: Nucleic acid, 2,6-diaminopu- 
rine as precursor, Bendich and 
Brown, 1471 

Guinea pig: Collagen, Lightfoot and Cool- 
idge, 477 

H 

Hemoglobin: Synthesis, carbon-labeled 
glycine, Altman, Casarett, Masters, 
Noonan, and Salomon, 319 

parainfluenzae: Growth, 
putrescine effect, Herbst and Snell, 

989 

Heparin: Fuchsin-sulfurous acid test, 

Jorpes, Werner, and Aberg, 277 
Monosulfuric acid, Jorpes and Gardell, 
267 

Histidine: Cobalt polycythemia, effect, 
Orten and Bucciero, 961 

Histone: Nucleo-, spleen, Petermann and 
Lamb, 685 

Homeostasis: Circulatory, hepatorenal 
factors, Mazur and Shorr, 771 

Hyaluronic acid: Umbilical cord, prepa- 
ration and properties, Folleté, 177 

Hypobromite: Protein and, reaction, 
Chinard, 1449 

Urine ammonia plus urea nitrogen, de- 
termination, use, Chinard, 1449 

Hypophysis: See Pituitary 

Hypoproteinemia: Blood serum, electro- 
phoresis, Cartwright, Smith, Brown, 
and Wintrobe, 585 

Hypothyroidism: Blood plasma and liver 
proteins, testosterone propionate ef- 
fect, Leathem, 1285 











I 


Inositol: Lipotropic need, relation, 

MacFarland and McHenry, 429 

Iodine: Pituitary growth hormone, ef- 

fect, Li, Simpson, and Evans, 843 

Iodoacetic acid: Yeast, action, hydrogen 

ion concentration effect, Aldous, 

83 

Ion: Exchange resins, blood group A-spe- 

cific substance, isolation, gastric 
mucin, use, Bennett and Niemann, 

969 

Iron: Blood cell, red, protoporphyrin, 

blood plasma copper and iron, de- 

ficiency effect, Cartwright and Win- 

trobe, 571 

— plasma, protein and iron deficiency, 


effect, Cartwright and Wintrobe, 571 
Myoglobin, Bowen, 747 
Isoleucine: Determination, chromato- 
graphic, Stein and Moore, 337 


K 


Ketoestrone: 16-, conversion to estriol 
in vivo, Stimmel, Grollman, and Huff- 
man, 461 

Ketone(s): Di-, acetylacetone-related, 

determination, colorimetric, Witter, 

Snyder, and Stotz, 493 

triacetic acid-related, metabolism 

in vitro, Witter and Stotz, 501 

Kidney: Arginase, adrenal cortex ster- 
oids, pL-thyroxine, and epinephrine, 
effect, Kochakian and Bartlett, 2438 

Phosphatase, adrenal cortex steroids, 
pL-thyroxine, and epinephrine, ef- 
fect, Kochakian and Bartlett, 243 

Kjeldahl: Protein nitrogen determina- 

tion, Hiller, Plazin, and Van Slyke, 
1401 


L 


Lactate: Malate conversion, Lactobacil- 
lus arabinosus, Korkes and Ochoa, 


463 

Lactic acid: Bacteria, growth, amino 
acid effect, Brickson, Henderson, 
Solhjell, and Elvehjem, 517 


—, potassium requirement, MacLeod 
and Snell, 39 


INDEX 





Lactobacillus arabinosus: Malate ¢op. | 
version to lactate and carbon dioxide, | 
Korkes and Ochoa, 463 

Lactobacillus casei: Nucleic acid synthe. 
sis, pteroylglutamic acid effect, 
Prusoff, Teply, and King, 1309 | 

Lactobacillus lactis: Cultures, dissocig. 
tion, vitamin By» requirement, ef. 
fect, Shorb and Briggs, 1463 | 

Lactobacillus leichmanii: Animal protein 
factor, determination, use, Skeggs, 
Huff, Wright, and Bosshardt, 1459 

Antipernicious anemia factor, effect, | 
Hoffmann, Stokstad, Franklin, and 
Jukes, 1465 | 

Lanthionine: pi-, cystine- and methio- | 
nine-deficient diet, growth effect, | 
Jones, Caldwell, and Horn, 65 

Larva: Mosquito, biotin and biotin-like 
fat-soluble nutrition 
effect, Trager, 1211 

Laurin: Tri-, radioactive, oxidation in 

Geyer, Chipman, and Stare, 

1469 

Lecithin: Blood plasma, turnover, radio- | 

active phosphorus in study, Zilver- 


materials, 


vivo, 


smit, Entenman, and Chaikoff, 09 | 
Leucine: Aminopeptidase, specificity, | 
Smith and Slonim, 835 


Determination, chromatographic, Stein 
and Moore, 337 | 
Glycyl-t-, dipeptidase, tissue, Smith, | 
Q | 
Iso-, determination, chromatographic, | 
Stein and Moore, 337 
Leucocyte(s): See Blood cell, white 
Leuconostoc citrovorum: Growth factor, 
Sauberlich and Bau 165 
Leuconostoc mesenteroides: Dextran, 
preparation and _ characterization, 
Jeanes, Wilham, and Miers, 603 
Lipide(s): Phospho-. See Phospholipide 
Phosphorylation, ethanolamine, meth- 
ylethanolamine, and dimethylethan- 
olamine effect, Artom and Cornatzer, 


mann, 


909 | 
Lipotropic need: Inositol relation, | 
MacFarland and Mc Henry, 429 


Lipotropism: Choline effect, Treadwell, 
1141 
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SUBJECTS 


Lipotropism—continued: 


Cystine effect, Treaduell, 1141 
Growth and, Treadwell, 1141, 1149 | 
Methionine effect, Treadwell, 1141 


Protein-low diets, cystine, methionine, 
and choline, effect, Treadwell, 
Liver: p-Amino acid oxidase, protein-free 
diet effect, Seifter, Harkness, Rubin, 
and Muntwyler, 
a-Aminoadipie acid, degradation, Bor- 


sook, Deasy, Haagen-Smit, Keighley, | 


and Lowy, 1395 


Arginase, adrenal cortex steroids, DL- 
thyroxine, and epinephrine, effect, | 


Kochakian and Bartlett, 243 
—, protein-free diet effect, Seifter, 
Harkness, Rubin, and Muntwyler, 


1371 
4-Dimethylaminoazobenzene metab- 
olism, Mueller and Miller, 535 


Glycogen, acetate and butyrate incor- | 
poration, pathways, Lifson, Lorber, | 


Sakami, and Wood, 1263 
L-Lysine, a-aminoadipic acid forma- 
tion, Borsook, Deasy, Haagen-Smit, 
Keighley, and Lowy, 
—, degradation, Borsovk,  Deasy, 
Haagen-Smit, Keighley, and Lowy, 
1383 


Nicotinic acid, protein-free diet effect, | 


Seifter, Harkness, Rubin, and Munt- 
wyler, 1371 
Octanoic acid oxidation, Schneider, 


259 | 


Phosphatase, adrenal cortex steroids, | 


DL-thyroxine, and epinephrine, ef- 
fect, Kochakian and Bartlett, 243 
Phospholipides, turnover, choline ac- 


tion, relation, Zilversmit, Entenman, 


and Chaikoff, 193 
Protein, carcinogenic azo dyes, effect, 
Griffin, Nye, Noda,and Luck, 1225 
Proteins, hypothyroidism, testosterone 
propionate effect, Leathem, 1285 
Riboflavin, protein-free 
wyler, 1371 
Tyrosinase, pteroylglutamic acid ef- 
fect, Keith, Broach, Warren, Day, 
and Totter, 1095 


1149 | 


1371 | 


1383 | 


diet effect, | 
Seifter, Harkness, Rubin, and Munt- | 


1499 


| Liver—continued: 
|  Vasodepressor substance, ferritin rela- 
tion, Mazur and Shorr, 771 
| Xanthine oxidase, pteroylglutamic acid 
| effect, Keith, Broach, Warren, Day, 
and Totter, 1095 
Lycomarasmin: Aspartic acid deriva- 
tives, determination, Woolley, 1299 
Chemical constitution, Woolley, 1291 
Synthesis, Woolley, 1299 
Lysine: L-, liver, a-aminoadipic acid for- 
mation, Borsook, Deasy, Haagen- 
Smit, Keighley, and Lowy, 1383 
—, —, degradation, Borsook, Deasy, 
Haagen-Smit, Keighley, and Lowy, 
1383 

M 


Magnesium: Muscle adenosinetriphos- 
phatase activity, effect, Kielley and 
Meyerhof, 591 

Malaria: Antimalarials, naphthoquinone, 
Heymann and Fieser, 1359 
Fieser and Heymann, 1363 

Malate: Lactate and carbon dioxide con- 


version from Lactobacillus arabino- 

sus, Korkes and Ochoa, 463 
Malt: Barley, a-amylase, crystalline, 
Schwimmer and Balls, 465 


Manure: Growth factor, vitamin By re- 


lation, Lillie, Denton, and Bird, 
1477 

Metabolism: Carbohydrates, plants, 
Stumpf, 233 


Methionine: Cobalt polycythemia, ef- 

fect, Orten and Bucciero, 961 

-Deficient diet, pt-lanthionine, growth 
effect, Jones, Caldwell, and Horn, 


65 
| Determination, chromatographic, Stein 
| and Moore, 337 
| Growth, effect, Treadwell, 1141 


—, protein-low diet, effect, Treadwell, 
1149 
Lipotropism, effect, Treadwell, 1141 
—, protein-low diet, effect, Treadwell, 


| 1149 
| Selenium poisoning, effect, Fels and 
| Cheldelin, 819 
| Synthesis, dimethylthetin and di- 











1500 


Methionine—continued: 
methyl-8-propiothetin relation, Dub- 
noff and Borsook, 789 

Methylethanolamine: Lipide phosphor- 
ylation, effect, Artom and Cornatzer, 

949 

Methyl group(s): Labile, dimethyl- 
thetin-related compounds as source, 
Maw and du Vigneaud, 1037 

Methyltestosterone: Blood plasma 
guanidoacetic acid, creatine, and cre- 
atinine, effect, Levedahl and Samuels, 

327 

Urine guanidoacetic acid, creatine, and 
creatinine, effect, Levedahl and Sam- 
uels, 327 

Mold: See also Aspergillus, Neurospora 

Mosquito: Larva, biotin and biotin-like 
fat-soluble materials, nutrition ef- 
fect, Trager, 1211 

Mucin: Gastric, blood group A-specific 
substance, isolation, ion exchange 
resins, use, Bennett and Niemann, 

969 
— juice, determination, Siplet, Ko- 
marov, and Shay, 545 

Muscle: Adenosinetriphosphatase, Kiel- 
ley and Meyerhof, 591 
—,magnesium-activated, Kielley and 
Meyerhof, 591 





Mycobacteria: Benzoic acid oxidation, 


kinetics, Eadie, Bernheim, and Fitz- 


gerald, 857 

Myoglobin: Iron, Bowen, 747 

Preparation, Bowen, 747 
N 

Naphthindan-2 ,3 ,4-trione hydrate: 


peri-, l-ascorbic acid and enediol 
compounds, reaction, Moubasher, 529 
Naphthoquinone: Antimalarials, Hey- 
mann and Fieser, 1359 
Fieser and Heymann, 1363 
Plasmodium lophurae respiration, ef- 


fect, Fieser and Heymann, 1363 
Succinate oxidase, effect, Heymann 
and Fieser, 1359 


Neurospora: Pyrimidine-deficient, cyti- 
dine and uridine determination, use, 
Loring, Ordway, and Pierce, 1123 


| 





INDEX 


) 


Neurospora— continued: 

Pyrimidine-deficient, purineand pyrim- 

idine antagonism, Pierce and Loring, 

1131 

Nicotinamide: Radioactive, metabolism, 

Roth, Leifer, Hogness, and Langham, 

249 

Nicotinic acid: -Deficient diets, trypto- 

phan role, Singal, Sydenstricker, and 

Littlejohn, 1051 

Liver, protein-free diet effect, Seifter, 
Harkness, Rubin, and Muntwyler, 

1371 

Radioactive, metabolism, Roth, Leifer, 

Hogness, and Langham, 249 

Storage, casein-low diets, amino acids, 


effect, Singal, Sydenstricker, and 
Littlejohn, 1063 
Tissue, corn ration, effect, Singal, 
Sydenstricker, and Littlejohn, 1069 


Tryptophan conversion to, mechanism, 
Heidelberger, Abraham, 
kovusky, 1461 

Nitrogen: Ammonia, urine, determina- 
tion, hypobromite use, Chinard, 1449 
Protein, determination, Kjeldahl, Hil- 


and Lep- 


ler, Plazin, and Van Slyke, 1401 
—, feces, biochemistry, Albanese, 
Davis, Lein, and Smetak, 1189 


Tomato, metabolism, isotopic ammo- 


nium sulfate in study, MacVicar 
and Burris, 51] 
Urea, urine, determination, hypobro- 
mite use, Chinard, 1449 
Nucleic acid: Guanine, 2,6-diamino- 
purine as precursor, Bendich and 
Brown, 1471 


Lactobacillus casei synthesis, pteroyl- 
glutamic acid effect, Prusoff, Teply, 


and King, 1309 
Pentose, pancreas, Vischer and Char- 
gaff, 715 
—, yeast, Visher and Chargaff, 715 


Nucleohistone: Spleen, Petermann and 
Lamb, 685 
Nucleotide: Diphosphopyridine. See 
Diphosphopyridine nucleotide 
O 


Octanic acid: Oxidation, liver fractions, 
Schneider, 259 
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SUBJECTS 


Oxalacetate: Oxidation, 
Potier, Pardee, and Lyle, 1075 
Succinic dehydrogenase, effect, Pardee 
and Potter, 1085 
Oxidase: p-Amino acid, liver, protein- 
free diet effect, Seifter, Harkness, 
Rubin, and Muntwyler, 1371 
Succinate, naphthoquinone effect, Hey- 
mann and Fieser, 1359 
Xanthine, liver, pteroylglutamiec acid 
effect, Keith, Broach, Warren, Day, 
and Totter, 1095 
Oxidation: 8, Atchley, 123 
Oxybiotin: Metabolism, chick, McCoy, 
McKibben, Azelrod, and Hofmann, 
1319, 1327 

Tissue, deposition, McCoy, Mc Kibben, 
Azelrod, and Hofmann, 1319 
Oxygen: Blood, determination, saponin 
substitutes, Hiller, Plazin, and Van 
Slyke, 1431 


P 


homogenates, | 








Pancreas: Carboxypeptidase, identifica- | 


tion, Smith and Hanson, 997 
Pentose nucleic acids, Vischer and 
Chargaff, 715 
Parathyroid: Hormone, electrophoretic 
mobilities, Wilhelmi and Sayers, 
175 
Pea(s): Aldolase, Stumpf, 233 
Pectin: Amylo-, starch, separation and 
determination, Krishnaswamy and 
Sreenivasan, 


| 
| 


| 


1253 | 


Penicillenic acid: Benzyl-, benzylpeni- | 


cillin synthesis, intermediate, Car- 
penter, Turner,anddu Vigneaud, 893 
Penicillin(s): Ammonium, crystalline, 
precipitation, Salivar, Grenfell, and 


Brown, 977 
Aspergillus flavus, Adler and Winter- 
steiner, 873 
Benzyl-, synthesis, benzylpenicillenic 
acid as intermediary, Carpenter, 
Turner, and du Vigneaud, 893 
Biosynthesis, Behrens and Kingkade, 
1047 

Biosynthetic, penicillin resistance, 
Behrens and Kingkade, 1047 


G. See Benzylpenicillin 
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Penicillin(s)—continued: 
Naturally occurring, Salivar, Grenfell, 
and Brown, 977 
Synthetic, sodium salts, preparation 
and antibacterial properties, Car- 
penter, Stacy, Genghof, Livermore, 


and du Vigneaud, 915 
Pentose: Nucleic acid, pancreas, Vischer 
and Chargaff, 715 


— —, yeast, Vischer and Chargaff, 715 
Peptidase: Amino-, leucine, specificity, 


Smith and Slonim, 835 
Carboxy-, pancreas, identification, 
Smith and Hanson, 997 
Di-. See Dipeptidase 
Peptide(s): Methylated, hydrolysis, 
Smith, 21 
Phenylalanine: Determination, chromat- 
ographic, Stein and Moore, 337 
Foods, determination, microbiological, 
Horn, Jones, and Blum, 679 
Proteins, determination, microbiologi- 
cal, Horn, Jones, and Blum, 679 
Phosphatase: Adenosinetri-, muscle, 
Kielley and Meyerhof, 591 
—, —, magnesium-activated, Kielley 
and Meyerhof, 591 


Kidney, adrenal cortex steroids, pDL- 
thyroxine, and epinephrine, effect, 


Kochakian and Bartlett, 243 
Liver, adrenal cortex steroids, pi-thy- 
roxine, and epinephrine, effect, 
Kochakian and Bartlett, 243 
Pyro-, diphosphopyridine nucleotide, 
Kornberg and Lindberg, 665 


Phospholipide(s): Blood plasma, turn- 
over, choline action, relation, Zilver- 
smit, Entenman, and Chaikoff, 193 

Liver, turnover, choline action, rela- 
tion, Zilversmit, Entenman, and 
Chaikoff, 193 

Phosphorus: Metabolism, algae and bac- 
teria, photosynthesis relation, Gest 
and Kamen, 299 

Radioactive, blood plasma lecithin and 
sphingomyelin turnover, use in 
study, Zilversmit, Entenman, and 
Chaikoff, 209 

—, phosphotransferase mechanism, use 
in study, Azelrod, 295 
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Phosphorylation: Lipide, ethanolamine, | Protein(s) 


methylethanolamine, and dimethyl- 
ethanolamine effect, Artom and Cor- 
natzer, 949 
Phosphotransferase: Mechanism, radio- 
active phosphorus in study, Avelrod, 

295 

Photosynthesis: Algae, phosphorus me- 


tabolism, relation, Gest and Kamen, 


299 
Bacteria, phosphorus metabolism, rela- 
tion, Gest and Kamen, 299 


Pituitary: Anterior, growth hormone, 
preparation, Wilhelmi, Fishman, and 
Russell, 0130 

Growth hormone, iodine effect, Li, 
Simpson, and Evans, $43 

Plant(s): Carbohydrate metabolism, 
Stumpf, 233 

Plasmodium lophurae: Respiration, 


naphthoquinone effect, /icser and 
Heymann, 1363 
Plutonium: Metabolism, intramuscular 


injection effect, Scott, Axelrod, 
Fisher, Crowley, and Hamilton, 283 
Polycythemia: Cobalt-produced, cys- 


teine, histidine, and methionine ef- 
feet, Orten and Bucciero, 961 
Porphyrin: Proto-, blood cell, red, pro- 
tein and iron deficiency, effect, Cart- 
wright and Wintrobe, 571 
Potassium: Lactic acid bacteria, require- 
ment, MacLeod and Snell, 39 
Pregnancy: Bile pregnanol-3(a)-one-20, 
pregnanediol-3 (a) ,20(8), and etio- 
cholanediol-3 (a) ,17 (8), isolation, 
Pearlman and Cerceo, 847 
Pregnanediol-3(a),20(8): Bile, preg- 
nancy, isolation, Pearlman and Cer- 


ceo, 847 
Pregnanol-3(a)-one-20: Bile,  preg- 
nancy, isolation, Pearlman and 
Cerceo, 847 
Protein(s): Ammonium compounds, 
quaternary, and, interaction, Chin- 
ard, 1439 
Arginine determination, microbiologi- 
cal, Horn, Jones, and Blum, 59 
Blood. See also Hypoproteinemia 
— cell, red, protoporphyrin, blood 


INDEX 


continued: 


plasma copper and iron, deficiency 
effect, Cartwright and Wintrobe. 
571 

Blood plasma, biophysics, Deutsch 
and Nichol, 797 
hypothyroidism, testosterone 
propionate effect, Leathen 1285 


Factor, animal, determination, Laeto. 


bacillus leichmannii use, Skeggs, 
Huff, Wright, and Bosshardt, 1459 
-Free diet, liver nicotinie acid, ribo- 
flavin, p-amino acid oxidase, and 
arginase, effect, Seift Harkness, 
Rubin, and Muntwyler 1371 
Hypobromite reaction, Chinard, 1449 


Liver, carcinogenic azo dyes, effect. 
Griffin, Nye, Noda, and Luck, 123% 
, hypothyroidism, testosterone pro- 


pionate effect, Leathen 1285 
-Low diet, choline, growth and lipo- 
tropism, effect, T'readwell 1149 


—, cystine, growth and lipotropism, 


effect, Treadwell, 1149 
—, methionine, growth and lipo- 
tropism, effect, Treadwell 1149 


Nitrogen, determination, Kjeldahl, 


Hiller, Plazin, and Van Slyke, 1401 

, feces, biochemistry, Albanese, 
Davis, Lein, and Smetak 1189 
Phenylalanine determination, micro- 
biological, Horn, Jones, and Blum, 
679 

Purified, proteolysis products, Beloff 
and Anfinsen, 863 
Tissue, carcinogenesis and, Griffin, 
Nye, Noda, and Luck, 1225 


Urine, determination, alkyldimethyl- 


benzylammonium compounds, use, 


Chinard, 1439 
-,—, biuret method, Hiller, Greif, and 
Beckman, 1421 


Protoporphyrin: Blood cell, red, protein 
effect, Cart- 
571 


and iron deficiency, 
| wright and Wintrobe, 
| Protozoa: Sec also Plasmodium 

| Pteroylglutamic acid: Liver tyrosinase, 
| effect, Keith, Broach, Warren, Day, 


and Totter, 1095 
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SUBJECTS 


Pteroylglutamic acid—coniinued: 

Liver xanthine oxidase, effect, Keith, 

Broach, Warren, Day, and Totter, 
1095 
Nucleic acid synthesis, Lactobacillus 
casei, effect, Prusoff, Teply, and 
King, 1309 
Purine(s): Determination, micro-, Vis- 
cher and Chargaff, 703 
2.6-Diamino-, nucleic acid guanine, 
precursor, Bendich and Brown, 1471 
-Pyrimidine antagonism, pyrimidine- 
deficient Neurospora, Pierce and 
Loring, 1131 
Vitamin By and, interrelationship, 
Shive, Ravel, and Harding, 991 
Putrescine: Hemophilus parainfluenzae 


growth, effect, Herbst and Snell, 989 | 


Pyridine: Diphospho-. See 
phopyridine 


Pyridoxal: Distribution, Rabinowitz and 


Diphos- 


Snell, 1157 | 
See also Vitamin Be 
Pyridoxamine: Distribution, Rabino- 
witz and Snell, 1157 | 
See also Vitamin Bs | 
Pyridoxine: Distribution, Rabinowitz 
and Snell, 1157 


See also Vitamin Be 
Pyrimidine: -Deficient Neurospora, cy- 
tidine and uridine determination, 
use, Loring, Ordway, and Pierce, 
1123 


— —, purine and pyrimidine antagon- | 


ism, Pierce and Loring, 1131 
Determination, micro-, Vischer and 
Chargaff, 703 


-Purine antagonism, pyrimidine-defi- | 


cient Neurospora, Pierce and Loring, 
1131 

Pyrophosphatase: Diphosphopyridine 
nucleotide, Aornberg and Lindberg, 


665 | 
diphospho- | 
pyridine nucleotide synthesis, enzy- 
1475 | 
Anker and | 

1353 | 
Pyruvate: Synthesis, Escherichia coli, | 


Pyrophosphate: Inorganic, 
matic, relation, Kornberg, 

Pyruvamide: Metabolism, 
Raper, 


acetyl precursor, Kaplan and Lip- 
Mann , 


459 | 


1503 


Pyruvic acid: S-Benzylthio-, N-acetyl- 
S-benzyl-t-cysteine, 


conversion, 

Stekol, 33 

, Synthesis, Stekol, 33 
Carbonyl-labeled, synthesis, Anker, 
1333 

Metabolism, Anker, 1337 
Thio-, growth effect, Stekol, 33 


R 


Resin(s): Ion exchange, blood group A- 
specific substance, isolation, gastric 
mucin, use, Bennett and Niemann, 

969 

Respiratory enzyme(s): Determination, 
Potter, Pardee, and Lyle, 1075 

Respiratory exchange: Apparatus, Lester 
and Greenberg, 53 

Riboflavin: Liver, protein-free diet ef- 
fect, Seifter, Harkness, Rubin, and 
Muntwyler, 1371 


s 


Saponin: Substitutes, blood oxygen and 
carbon monoxide determination, 
Hiller, Plazin, and Van Slyke, 1431 

Selenium: Poisoning, methionine effect, 
Fels and Cheldelin, 819 

Serine: Formate conversion to, Sakami, 

995 

Glycine conversion to, Sakamt, 995 
Serotonin: Rapport, Green, and Page, 
1237, 1243 

Chemical inactivation, Rapport, Green, 
and Page, 1237 
Isolation and characterization, Rap- 
port, Green, and Page, 1243 

Sodium borohydride: Cozymase reduc- 
tion, Mathews, 22 

Sodium hyaluronate: Meyer, 993 

Sphingomyelin: Blood plasma, turnover, 
radioactive phosphorus in study, 
Zilversmit, Entenman, and Chaikoff, 


209 
Spleen: Nucleohistone, Petermann and 
Lamb, 685 


Squid: Visual purple, absorption spectra, 
Bliss, 563 

— —, bleaching products, absorption 
spectra, Bliss, 563 
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Staphylococcus aureus: Growth, gluta- | 


mine relation, Hughes, 1473 
Starch: Amylose and amylopectin, sepa- 


ration and determination, Krish- 
naswamy and Sreenivasan, 1253 | 


Steroid(s): Adrenal cortex, crystalline, | 


liver and kidney phosphatases | 
and arginase, effect, Kochakian | 
and Bartlett, 243 


Stomach: Mucin, blood group A-specific 
substance, isolation, ion exchange 
resins, use, Bennett and Niemann, 

969 
See also Gastric juice 

Streptomyces: Xanthomycins A and B, 
Thorne and Peterson, 413 

Streptomycin: Cyanate effect, Fitzgerald, 

99 


Succinate: Oxidase, naphthoquinone ef- 
fect, Heymann and Fieser, 1359 
Succinic dehydrogenase: Oxalacetate ef- 


fect, Pardee and Potter, 1085 
Sulfur: Analogue, choline, behavior, | 

Maw and du Vigneaud, 1029 | 
Sulfurous acid: Fuchsin-, heparin, | 

Jorpes, Werner, and Aberg, 217 


T 


Testosterone: Blood plasma guanido- 
acetic acid, creatine, and creatinine, 
effect, Levedahl and Samuels, 327 

Methyl-, blood plasma guanidoacetic 
acid, creatine, and creatinine, effect, 
Levedahl and Samuels, 327 

—, urine guanidoacetic acid, creatine, 
and creatinine, effect, Levedahl and 


Samuels, 327 
Urine guanidoacetic acid, creatine, and 
creatinine, effect, Levedahl and 
Samuels, 327 
Testosterone propionate: Blood plasma 
proteins, hypothyroidism, effect, 
Leathem, 1285 
Liver proteins, hypothyroidism, effect, 
Leathem, 1285 


Thetin: Dimethyl-, methionine synthe- 
sis, rdle, Dubnoff and Borsook, 789 

—, related compounds, labile methyl 
groups, source, Maw and du_ Vi- 
gneaud 1037 





INDEX 


Thetin—continued: 


Dimethy]-8-propio-, methionine syn- 
thesis, rdle, Dubnoff and Borsook, 

; 789 

Thiopyruvic acid: Growth effect, Stekol, 
33 


Thymus: 8-Chloroethy! vesicants, effect, 


Chanutin and Ludewig 999 
Thyroid: Hormone, circulating, nature, 
Taurog and Chaikoff, 639 

See also Hypothyroidism 
Thyroxine: pi-, liver and kidney phos- 
phatases and arginase, _ effect, 
Kochakian and Bartlett, 243 


-Related compounds, activity, Frieden 


and Winzler, 155 
Tomato: Nitrogen metabolism,  iso- 


topic ammonium sulfate in study, 


MacVicar and Burris, 511 
Tooth: Calcification, Sobel and Hanok, 
1103 

Composition, blood and diet, relation, 
Sobel and Hanok, 1103 


Toxin: Clostridium botulinum type A, 
crystalline, physicochemical proper- 
ties, Putnam, Lamanna, and Sharp, 


401 

Transamination: Mechanism, Umbreit, 
O’Kane, and Gunsalus, 629 
Triacetic acid: Metabolism in _ vitro, 
Witter and Stotz, 501 
-Related diketones, metabolism, in 
vitro, Witter and Stotz, 501 
Synthesis and properties, Witter and 
Stotz, 485 


Trilaurin: Radioactive, oxidation in vivo, 
Geyer, Chipman, and Stare, 1469 
Tryptophan: Nicotinic acid conversion 
from, mechanism, Hevzdelberger, 
Abraham, and Lepkovsky, 1461 

— acid-deficient diets, rédle, Singal, 
Sydenstricker, and Littlejohn, 1081 
Tumor: Glycolysis, LePage, 1009 
Tyrosinase: Liver, pteroylglutamic acid 
effect, Keith, Broach, Warren, Day, 


and Totter, 1095 
Tyrosine: Determination, chromato 
graphic, Stein and Moore, 337 
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SUBJECTS 


U 


Umbilical cord: Hyaluronic acid, prepa- 
ration and properties, Follett, 177 
Urea: Nitrogen, urine, determination, 
hypobromite use, Chinard, 1449 
Urease: Concentration effect, Peterson, 
Harmon, and Niemann, 1 
Uridine: Determination, pyrimidine-de- 
ficient Neurospora, use, Loring, Ord- 
way, and Pierce, 1123 
Urine: Ammonia nitrogen, determination, 
hypobromite use, Chinard, 1449 
Creatine, testosterone and methyl- 
testosterone effect, Levedahl and 
Samuels, 327 
Creatinine, testosterone and methyl- 





testosterone effect, Levedahl and 
Samuels, 327 
Dehydroisoandrosterone  determina- | 


tion, colorimetric, Munson, Jones, 


McCall, and Gallagher, 73 | 


Guanidoacetic acid, testosterone and 
methyltestosterone effect, Levedahl 
and Samuels, 327 

Protein, determination, alkyldimethyl- 
benzylammonium compounds, use 
Chinard, 14389 

—, —, biuret method, Hiller, Greif, 
and Beckman, 1421 


Urea nitrogen, determination, hypo- | 


bromite use, Chinard, 
Uronic acid: Hyal-. 


Vv 


Valine: Determination, chromatographic, 
Stein and Moore, 337 
Vasoconstrictor: Blood serum, Rapport, 
Green, and Page, 1237, 1243 

— —, chemical inactivation, Rapport, 
Green, and Page, 1237 

— —, isolation and characterization, 
Rapport, Green, and Page, 1243 
Vasodepressor substance: Liver, ferritin 
relation, Mazur and Shorr, 771 
Vesicant(s): 8-Chloroethyl, thymus, ef- 
fect, Chanutin and Ludewig, 999 


1449 | 
See Hyaluronicacid | 


| 
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Visual purple: Squid, absorption spectra, 
Bliss, 


563 
—, bleaching products, absorption 
spectra, Bliss, 563 


Vitamin (s): A, carotene conversion site, 
Mattson, 1467 
Be, Rabinowitz and Snell, 1157 
—, function, Umbreit, O’Kane, and 
Gunsalus, 629 
_, transamination, mechanism, 
Umbreit, O’Kane, and Gunsalus, 
629 
—. See also Pyridoxal, Pyridoxamine, 

Pyridoxine 
Biz and purines, interrelationship, 
Shive, Ravel, and Harding, 991 
—, growth factor, manure, relation, 
Lillie, Denton, and Bird, 1477 
—, Lactobacillus lactis cultures, dis- 
sociation, effect, Shorb and Briggs, 
1463 

xX 


Xanthine: Oxidase, liver, pteroylglutamic 
acid effect, Keith, Broach, Warren, 
Day, and Totter, 1095 

Xanthomycin: A, Streptomyces, Thorne 
and Peterson, 413 

B, Streptomyces, Thorne and Peterson, 
413 


Y 


Yeast: Iodoacetic acid action, hydrogen 
ion concentration effect, Aldous, 83 
Pentose nucleic acids, Vischer and 


Chargaff, 715 
Z 

Zinc: Blood, Vallee and Gibson, 445 
— cell, red, Vallee and Gibson, 445 
— —,white, Valleeand Gibson, 445 
—, determination, micro-, dithizone 
method, Vallee and Gibson, 435 

— plasma, Vallee and Gibson, 445 


Tissue, determination, micro-, dithi- 
zone method, Vallee and Gibson, 
435 


























[> AXELROD, A. E., and Hovwaws, K 


__ otin metabolism in ehiek. ition of oxybiotin in tissues. 
me R. H., McK tiene, Nw : 


meri mecaholen a in the 

ji yruvic acid in the intast ania 
bolic fate of pyruvamide and acetamide. 
Nephthoquinone anttnalanaie: XXL. 


CP Wh ies te ee 









Relative antirespi es | zum kaa 
| Serrrer, Sam, omer gw avip M., Rosin, Leonarp, and M Ep 
' nicotinic acid, riboflavin, p-amino acid oxidase, and arginase vels of 
x vonage ea abt ips eh ay here 


SOAP ee 66 ca we 8 ee 8 ee ke 





«K, Henry, Deasy , Haacen-Suir, A. J., Keicuiey, 
ze Lowy, Peter H. The , of u-lysine in guinea pig tees. 
ie formation of a-aminoadi: Oe eg 


— 
- Borsoox, Henry, Day Ciara L., Haagun-Smir, A. J. , KEIGHLEY, OFFR 
Lowy, Perzr H. The degradation tion of a- aminoadipic acid in guinea 

















ger eye ee tl BR bine 6 led 4 iss ins oo al Reet 
i PLaziIn Jou, ‘and Vaw Styx, Donatp D. A study of c 
Rjeldakt determination of in proteins. Description of 
rt as catalyst, and ti and gasometric men ee 
aden EE Re ES RR Sa 
Hitter, Auma, Gretr, Rocer L., and 
in urine by the biuret enon is ie tarit esha «cole Leet <4 
AMA, PLazin, JOBN, and Van ; LYKE, Donan D. Substitutes for : 
pecs e age ae of ¢ monoxide of blood... ........ se 
ARD, FRANCIS nary ammonium compounds and 
Asim sates ied forthe. ay ot Senteran of urinary protein concentr: 
Ff foe mn “soup Spt pene eae sou 4 
Cmnano, Faancts PU of the ob: mite reaction for she eatimation : 
plus urea nitrogen in urines ¢ ining large amounts of sides 


alkaline heypobromiee with prota 





SP te eS 2 eee RS eee MSR RC ee ee Ch ee tt eee wae eee 5 oA 


iD m P., si Lai 





otras atom ne 


of animal tissues 


a in w hag 


L., and Torrer, 
pr eraene gr: aded 


] : Tissue 
on liver proteins 
vasocon- 


Serum vasocon- 











smmnerestereeenenasaemteesspcecee JE 











